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ABSTRACT
Proton conducting ceramics have been of great scientific interest since their initial devel-
opment over 30 years ago. In that time, the ABO3 perovskite family of materials has shown
particularly significant promise, with doped barium zirconates arguably being the subject of the
most intense research. One of the most interesting and yet also scientifically underappreciated abil-
ities of many of these ceramics is they can exhibit multi-species conduction behavior—specifically
they can exhibit simultaneous protonic and oxygen vacancy conduction in addition to electronic
(electron or hole) conductivity. This allows for uses that do not require electrodes or a driving force
other than chemical potential gradients, such as gas permeation and reactor membranes.
The studies in this dissertation probe and clarify the implications arising from multi-species
transport in these materials. Importantly, this dissertation also underscores the difficulties associ-
ated with assessing multi-species transport using standard electrochemical measurement techniques
such as AC or DC conductivity. To combat this difficulty, the modeling and experimental studies
presented in this dissertation make use of permeation conditions to probe multi-species transport
in greater detail and clarity than is possible using conductivity studies.
This research explicitly examines the multi-species transport behavior, not only when two
charge-carrying defects are major contributors, but also when at least a third defect has a significant
contribution. This addition of a third carrier introduces behaviors that are not present in either
single or two carrier systems, such as “uphill” transport. This uphill transport, the diffusion of a
species up its chemical potential gradient, can occur for individual defects, the gas components on
either side of the membrane, or both.
In order to better understand the interplay between the various transporting species and their
impact on the macroscale permeation behavior, a reimagining of multi-species transport has been
proposed. A general theoretical description of this behavior is presented in a graphical manner
that is similar to a tertiary phase diagram. When combined with the experimental data gathered,
it becomes possible to identify which experimental conditions dictate the use of a full multi-species
transport model, rather than one of the simplified two species models.
Both steam and oxygen have been independently transported up their chemical potential
gradients using only a strong gradient in the other gas species. This confirms not only the theorized
behavior of uphill transport but the model’s ability to predict conditions when it will occur. While
the actual fluxes produced are too low for current application, the proof of concept allows for
eventual use with a focus on improvements to membrane performance.
Previous experiments have shown limitations in the analytical modeling methods that are
typically used in the proton-conducting ceramics field. A numerical model was therefore developed
to assist in the investigation of membrane performance under a wide range of possible experimental
iv
conditions. Along with improved handling of multi-species transport, the new model incorporates
newly developed algorithms to calculate the impact of gas conditions on the final gas-phase species
that will appear on either side of a permeation membrane. Using this model, contour maps of
the relevant performance properties were created to quickly and intuitively discover patterns and
identify regions of experimental conditions that contain interesting behavior.
v
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In the 30 year history of proton-conducting oxides [1] most of the research focus has been
on the conductivity of these materials and their performance within fuel cells [2–13]. However,
the ability of many of these materials to simultaneously transport multiple charge-carrying defects
allows for their use without electrodes, which in the long-run may lead to permeation-based appli-
cations that could be even more promising than their use in fuel-cell applications. Multi-species
transport can be exploited for a number of gas separation and membrane reactor applications, all
without the need to “drive” the cell with a voltage or provide an electronic defect pathway. The
selective chemical species transport enabled by these membranes provides opportunities to inject
or remove active hydrogen or oxygen species from gas streams or chemical reactions, thereby lead-
ing to powerful opportunities to tune chemical transformations beyond standard thermodynamic
limitations.
The exploitation of multi-species transport has been hampered by a lack of work, both ex-
perimental and theoretical, on how the transport of these various defects facilitates the permeation
of gas species across a membrane. The research detailed here is aimed at closing that gap.
Experimentally, in order to thoroughly investigate the permeation behavior of these materials,
it is necessary to move away from simple conductivity measurements and explore permeation in
actual membrane configurations. To that ends, a test-bed has been developed to allow for tubular
membranes to be exposed to a wide range of environments, all while having the capability to
monitor the inlets and exhausts gases for both sides of the membrane in near-real-time. This
monitoring has enabled unique careful mass-balance experiments that allow for the inference of
the exact internal defect fluxes across the membrane. These experiments have illuminated many
of the subtleties associated with permeation in these materials including co/counter permeation
of two gases (e.g., H2O and O2), the role electron-holes play in permeation, even under relatively
non-oxidizing conditions, and, for the first time in a high-temperature membrane, the transport of
a gas up its chemical potential gradient.
However, all of this experimental work has little value in the absence of theoretical principles
that can explain the behavior. Even more important is the ability to predict the permeation
behavior for a given set of conditions. The current model implementations fail at one or both
of these tasks. For the former problem, algorithms have been developed that can be used in
combination with the mass-balance data mentioned earlier to interpret the experimental data. Thse
algortihms are then combined with a full multi-species transport model developed by Profs. Bob
Kee and Huayung Zhu [14]. Utilizing numerical methods, the model is unencumbered by many of
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the assumptions that have limited the applicability of previous methods, and can be used to predict
the behavior of a membrane system under any experimental conditions. Taking advantage of this
increased capability, the trends associated with these various permeation phenomena have been
mapped and a foundation laid for identifying potential areas where these phenomena can perhaps
be utilized in membrane reactors or separations processes.
1.2 Organization
This dissertation is comprised of three published or submitted journal articles, along with the
current introduction and a final summation. Chapter 2 consists of a journal article for The Journal
of Materials Chemistry [15]. It highlights the work from my Masters research, and corrects a couple
of errors in the nanoscent transport space theory developed originally in my Masters thesis [16].
Chapter 3 was published in The Journal of Membrane Science [17]. It reports on the first-known
example of permeation data taken with a solid-state coupled transport membrane. It is also the
first to operate at high temperatures. The experiments confirm theoretical predictions that proton-
conducting ceramic membranes are capable of transporting water or oxygen against their chemical
potential gradient. The article that is the basis of Chapter 4 has been submitted to Solid State
Ionics. Using numerical modeling techniques developed by Profs. Bob Kee and Huayang Zhu, I
develop a large series of contour maps that explore the permeation behavior of a barium zirconate
membrane across a huge range of gas environments. A number of broad trends and interesting
behaviors are highlighted and lay the ground work for a large experimental survey of the same
operating conditions in order to validate the model. Finally, Chapter 5 gives an overall summary
of the work presented and outlines a path forward for continued research.
1.3 Background
There is a vast amount of research on perovskite-based proton conductors, however only a
portion is germane to this research. While each individual chapter of this dissertation contains some
amount of background and literature review, article space does not provide for a more thorough
treatment. Below is a larger survey of the information upon which this work is built.
1.3.1 Proton-Conducting Perovskites
Hiroyasu Iwahara is considered the father of proton-conducting oxides. Others had previously
investigated numerous solids that at least appeared to conduct protons [18], as Iwahara mentions in
his seminal 1981 paper [1]. However, he was the first to definitively prove useful proton conduction
in perovskite-type oxides, with trivalent-doped strontium cerate (SrCe1−xMxO3). There were many
advances over the next few years, as a massive survey of oxides slowly weeded out possible materials
to find oxides which produced greater and greater conductivity. One of the best candidates was
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found by Iwahara in 1988 [19], when barium cerate (BC) was discovered to have the highest proton
conductivity measured at the time (interestingly enough, it was also one of the first times that
questions arose on the exact transport species and mechanisms that might be involved in these
materials). While BC was a very good conductor, it had drawbacks. It was relatively unstable
in carbon dioxide environments and, of all things, steam containing environments [20, 21]. So the
search continued for materials that had similar transport performance but better long-term stability.
Zirconium containing oxides had long been known for their robust nature [22–24], so Iwahara
experimented with barium zirconate (BZ) for the first time in 1993 [25]. What he discovered was a
perovskite proton-conductor with conductivities on par with BC but with far better stability and
mechanical strength. In the twenty years that have past, BZ remains one of the most investigated
proton-conductors (over 1,200 articles according to Google Scholar, or nearly 10% of all articles
written on proton-conducting perovskites).
For all of its popularity, though, BZ is not without fault. Like many of the other perovskites,
it is difficult to densify. Sintering temperatures in excess of 1700 ◦C are not uncommon [26–28],
and yet small grain sizes remain, even with fully sintered specimens. This leads to problems with
increased grain-boundary area and barium deficiency [28,29], both of which have a deleterious effect
on conductivity. Sintering aides help [30], but one of the other problems with BZ has been the cost
to produce the powders. An approach was developed recently that addresses both the sintering
problems and the cost. Solid-state reaction sintering [31, 32] uses cheap precursors and adds a
small amount of nickel oxide (∼ 1% NiO). This powder is pressed directly into parts, skipping any
calcining step, where they are fired at temperatures under 1500 ◦C, acheiving fully sintered parts
with large grain sizes.
1.3.2 Defect Formation Reactions
One of the fascinating aspects of perovskite-type proton conductors is that the namesake
charge-carrying defects, protons, are not a constituent of the material itself, and are not present
with any great numbers without altering the material chemistry with an oxygen-vacancy creating
dopant. Both barium zirconate and barium cerate are typically doped with oxides containing 3+
metal cations, most often either gadolinia or yttria, in the range of a few percent to twenty percent.
The most common short-hand notation used to denote the resulting doped oxide materials addends
the material family initials with a one letter abbreviation for the dopant and the mole percent of
dopant added. Thus BCG10 signifies ten mole percent gadolinium-doped barium cerate.
This doping induces the creation of oxygen vacancies to compensate for the dopant’s different
valence state, as exemplified by the following general solid state reaction (as represented in Kröger-
Vink notation [33,34]):
M2O3
2ABO3−−−−→ 2δ M′B + δ V••O + 2(1− δ)M•A + (6− δ) O×O (1.1)
3
where δ is the effective number of vacancies created by a single molecule of dopant. As Equation 1.1
shows, the dopant atoms can sit on either A or B cation lattice sites, although they preferentially sit
on the B cation lattice sites (there is evidence that in cases of A-cation deficiency, the dopant begins
to occupy a greater ratio of A sites [29,35]). In doped perovskites, the stability is dependent on the
size ratio between the two cations and the dopant ion. This tolerance factor, originally proposed
by Goldschmidt over 80 years ago [36], dictates that the lattice will quickly become unstable if too
many large cation sites are occupied by much smaller dopant atoms. Consequently, the number
of “parasitic” (A-site) dopant is typically low and it is not uncommon for modeling treatments to
entirely ignore the decrease in vacancy creation due to A-site dopant. Unfortunately, exact values
for δ are not precisely known for many perovskite systems.
As discussed earlier, proton conducting perovskites such as the BC and BZ families have been
intensely scrutinized for their high proton conductivity at intermediate-temperature. More recently,
increased attention and recognition has been placed on the fact that these materials also exhibit
substantial oxygen-ion and electronic (typically hole) conductivity under certain conditions [37,38].
This multi-species transport situation leads to complex behavior that is still poorly understood. In
order to properly explore these challenging systems, the first task is to describe the point-defect
thermodynamics in order to establish the equilibrium concentrations of all potential defect species
(such as protons, oxygen vacancies, holes, and/or electrons) that could be playing a role in these
materials systems under various conditions. Importantly, these defect populations will be influenced
by a number of external parameters, including temperature, pH2O, and pO2 (or pH2).
The point-defect reactions discussed will be specific to the BZY10/BZY20 system which is
the subject of this work, however, with the exception of the defect names, this treatment would be
applicable to any generic trivalent cation doped perovskite.
The point defects present in the BZY system, using Kröger-Vink notation are as follows.
Substitutional yttrium cation on Ba site: Y•Ba
Substitutional yttrium cation on Zr site: Y′Zr




Normal lattice oxygen: O×O
These defects are related by the following defect reactions. In the first reaction, known as
Wagner hydration [39], water interacts with surface oxygen vacancies to form protonic defects, in

























O → O×O + 2h
• (1.4)









where the common substitution of p for [h•] has been made for convenience.
At lower partial pressures of oxygen, electrons are created as oxygen dissociates from the

















where a similar substitution has been made as above for the electronic defect replacing [e′] with n.
Finally, there is the recombination reaction between electrons and holes
e′ + h• = null (1.8)
and the corresponding equilibrium constant is given by
Keh = [e
′][h•] = np (1.9)
In addition to these four defect reaction equilibria (of which only three are independent), the
defect populations are bound by two additional relationships; electroneutrality and site conserva-
tion. The electroneutrality condition may be expressed by the following equation:
5
2[V••O ] + [OH
•
O] + p− n + [Y•Ba]− [Y′Zr] = 0 (1.10)
As discussed previously, it is necessary to differentiate between those dopants that sit on the
tetravalent cation sites (and therefore contribute to vacancy formation) from those that sit on the
bivalent cation sites (and therefore counteract vacancy formation). Since the partitioning between
these two sites is likely to remain relatively constant and highly preferential to the tetravalent sites,
a substitution can be made to simplify the notation [5] by introducing S, a constant which reflects
the splitting between these two dopant-site possibilities:
S = [Y′Zr]− [Y•Ba] (1.11)
Note that typically [Y′Zr] [Y•Ba], thus S is a positive constant. δ, introduced earlier in Equa-
tion 1.1, is really the corollary to S, with S = 2δ. Invoking this simplification, the electroneutrality
equation becomes
2[V••O ] + [OH
•
O] + p− n− S = 0 (1.12)
The site balance restriction introduces the requirement that the sum total of defects located on
oxygen lattice sites must not exceed the total number of oxygen lattice sites available. With the
two possible oxygen-site defects (in addition to the normal lattice oxygen) and three oxygen sites
in a perovskite structure, the site balance restriction is




O] = 3 (1.13)
where this equation has been written in terms of oxygen sites per-ABO3 formula unit. This site
balance equation completes the system of equations (1.3, 1.5, 1.7, 1.9, 1.12, and 1.13) required
to fully define the defect concentrations. Because of the choice of units used in Equation 1.13,
calculated site concentrations will be in terms of sites per ABO3 formula unit. Conversion to
the more familiar concentration units of mol cm−3 requires dividing by the molar volume of the
material.
1.3.2.1 Solving System of Equations
There have been numerous techniques employed to solve the above system of equations and
calculate the concentrations of all the possible point defects. Two employ approximations in order
to facilitate some semblance of an analytic solution, the third, which is detailed in Chapter 4 and
in Kee et al. [14] is to use numerical methods. The latter method requires the most effort, however
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it is not encumbered by any assumptions of the defects present, so it can be used for any gas
environment.
Kreuer Hydration Model
The Kreuer method [5] begins by developing an expression for the concentration of protonic defects
by assuming that OH•O and V
••
O are the only significant defect populations. Equations 1.4 and
1.6 are ignored and both electrons and holes are ignored in the electroneutrality condition. These





O → 2 OH
•
O (1.14)




O] = 3 (1.15)
2[V••O ] + [OH
•
O]− S = 0 (1.16)




K′(9K′ − 6K′S + K′S2 + 24S− 4S2)
K′ − 4
(1.17)
where K′ = KH  pH2O (KH being the same quantity as KOH in Equation 1.3) and S is defined
as previously in Equation 1.11. Next, by comparing the concentration of protonic defects to the
potential maximum number of vacancies created by doping, the system can be described by a single








where S0 is the total dopant concentration. X is termed the “Degree of Hydration” because it
reflects how much water (and hence protonic defects) is currently hydrating the sample compared
the theoretical maximum amount of water that could hydrate the sample. X is thus a unitless
number between 0 and 1, where X→ 0 implies the limit of full dehydration and X→ 1 implies the
limit of full hydration.
Semi-Analytical Solution of System of Equations
While a complete solution to this system of defect concentrations can be obtained via numerical
analysis, the presence of the [V••O ] term in the site balance equation (Equation 1.13) prevents
a purely analytical solution from being obtained. Fortunately, work done by Nicholas Bonanos
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and Finn Willy Poulsen at Risø DTU in Denmark (formerly known as Risø National Laboratory)
made a significant simplification which leads to a semi-analytical solution that only requires simple
numerical techniques [40–42]. This is achieved by introducing the following approximation:
[O×O] ≈ 3 (1.19)
For the doping levels typical used in real perovskite proton conductors, this simplification is gener-
ally reasonable. Even at a 20% doping level, [O×O] is ∼2.9, which is less than a 4% difference from
the approximation.
Applying this approximation to the system of equations discussed above, a direct analytical
solution of the defect model can be obtained. With a fixed doping level, variations in the equilibrium
between the various defect species can then be investigated as a function of the gas partial pressures
and temperature (as related through the equilibrium constants KOH, Kh, and Ke). This analytical
solution is obtained by applying the following substitution:
x ≡ 3−1/2[V••O ]1/2 (1.20)

















[V••O ] = 3 x
2 (1.24)
These four equations can then be inserted into the electroneutrality condition (Equation 1.12),
yielding a simple third degree polynomial equation with the quantity x as the independent variable.
6x3 + αx2 − Sx− β = 0 (1.25)








and β ≡ K1/2e p−1/4O2 . Solving the polynomial for x, typically by
using numerical methods, allows for the defect concentrations to be calculated.
1.3.2.2 Experimental Methods
There are few main measurement techniques for determining the protonic defect concentra-
tions in experimental proton conducting perovskite systems. By far the most common is ther-
mogravametric analysis (TGA) [43]. During the process of incorporating water into the material,
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there is a measurable increase in mass. By using TGA to monitor this process in-situ, and typically
with either very slow ramp rates or step-wise temperature increases with long hold times between
steps, it is possible to produce hydration curves similar to Figure 1.1. The curve can then be
fitted to a function such as Kreuer’s hydration model to extract the thermodynamic quantities of
hydration enthalpy and entropy for the material. Sometimes a shortcut is taken and the difference
in mass between a dehydrated sample and a hydrated sample is used as an indication of proton
concentration [44].
Figure 1.1 Theoretical hydration curves for pH2O levels of 0.1, 0.5, and 0.9 atm (left to right).
Dilatometry is another method [5,45], but it is used far less than TGA. It is known that along
with the mass gain, the incorporation of protons into the lattice introduces a slight phase change.
This phase change can be measured as sample elongation in a dilatometer. Experiments can be
performed in-situ, similar to those using TGA. However, since the samples also undergo the usual
elongation due to thermal expansion in addition to the phase change, it is necessary to add a second
step. The sample must first be run in a dry environment in order to capture the thermal expansion,
along with any other phase changes that may take place. This data is subtracted from the wet
environment data, and a curve much like the hydration curve is produced. If the mass change
after hydration was recorded the total water uptake can be calculated, allowing a relationship
between the total elongation and proton concentration. The hydration thermodynamics can then
be extracted in the same manner as above.
Dilatometry has proven itself to be far less reliable than TGA. Besides the increased number
of experimental measurement steps, there are several fundamental reasons for the lower reliability
of this technique. In TGA experiments, the mass increase is a singular result of the water uptake
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and its effect is measured directly. In dilatometry experiments, not only is the amount of water
incorporated into the lattice merely inferred by the elongation data, that data is also a secondary
effect to the much larger thermal expansion. Thus, the difficulty of measuring a small second-order
hydration-induced swelling effect on top of a much larger thermal expansion effect significantly
decreases accuracy and reproducibility. In addition, dilatometry is sensitive to sample geometry,
requiring plane parallel ends, and sample loading technique. This introduces further error into the
measurements.
Within the past five years an improvement to the TGA technique has been developed in
Oslo. Kjølseth et al. details a technique that utilizes simultaneous thermal analysis (STA) to more
directly measure the defect reaction’s enthalpy [46]. In STA both TGA and differential scanning
calorimetry (DSC) are run simultaneously, such that on top of the detailed mass changes that are
recorded for the hydration reaction, the energy change associated with it is captured as well.
Experimentally determining the oxygen vacancy and hole concentrations is quite difficult.
Often vacancies concentrations can be measured in a manner similar to the TGA method for
protons. However, it must be done in a dry environment in order to avoid hydration, which would
of course also affect the mass [35, 47]. This limitation makes the measurement of both defects
simultaneously almost impossible. Thus, the typically strategy is to experimentally measure to
proton concentration and then infer the concentration of the other defects by subtraction from S
(an approach which obviously has its limitations).
1.3.3 Defect Kinetics
Once the defect concentrations are set and a force is applied (usually in the form of either
chemical potential gradients or electropotential gradients) the defects can begin to move. How and
to what extent is covered under defect kinetics.
1.3.3.1 Transport mechanisms
Oxygen diffusion
The transport of oxygen through an oxide is a classic and well-studied process. Oxygen ions are
typically far too large to move through a lattice via interstitial sites in typical oxides such as the
proton conducting perovskites. Thus, the only feasible mechanism for oxygen diffusion is to hop
through vacant oxygen sites. This process is known as oxygen diffusion via the oxygen vacancy
mechanism. It is generally accepted to view this diffusion process not from the reference frame of
the moving oxygen atom, but rather from the reference frame of the vacancy itself. In the former
case, there is a very large concentration of available oxygen ions, but a very low probability of
jumping, since an oxygen ion cannot move until there is a neighboring vacancy. For the latter case,
the jump probability is much higher, as at any time there are many sites to which the vacancy can
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move. However the concentration of vacancies is very low compared to the concentration of oxygen
ions. Even in heavily doped oxides the oxygen vacancy concentration may only be 5-10% of the
total oxygen lattice sites.
The opportunity to move is only the first hurdle however. An atom may make a multitude
of jump attempts before it succeeds. The probability of a successful jump is related to the size of
the energy barrier that impedes the movement. The atom must have enough energy to squeeze
through a potential barrier set by the nearest neighbors, since the atom must slightly nudge those
atoms away from their equilibrium in order to travel to the new site. It is this barrier that gives
vacancy diffusion its classic exponential temperature dependence.
Proton diffusion
The generally accepted mechanism for proton diffusion in perovskite oxides is a Grotthuss type
mechanism [48–50]. In this mechanism the transfer of a proton is between oxide ions, where the
proton is in essence “passed” from oxygen site to oxygen site like a water bucket in a bucket-brigade.
The principal features of the Grotthuss diffusion mechanism are as follows:
 Rotational diffusion of the protonic defects.
 Transfer of proton from one oxide ion to another.
The overall exchange is thought to consist of the steps in Figure 1.2. The proton may move from
position 1 to position 2 due to the rotation motion around oxide ion A. From position 2 it may
move to 3 due to Zr-O bending. From position 3, as mentioned in the basic feature of diffusion
mechanism, the proton transfers from one oxide ion to its neighbor.
Only the proton shows long range diffusion while the oxide ion remains in its crystallographic
position. According to simulations, rotational diffusion of proton across the lattice is fast with a
low activation barrier (below 0.1 eV). This is well below the measured energies, which leads to the
need for a refinement.
IR spectrum analysis of the OH bonding shows even larger stretching of the Zr-O bonds,
with a strongly bent proton bridging between two oxygen ions (Figure 1.3). This bending appears
to be a reaction to the strong positive charge of the center cation which forces the proton to avoid
the inner portion of the unit cell [26].
Electron and electron-hole mobility
Little research has been dedicated to understanding the transport mechanism of electronic defects
in proton conducting perovskites such as BZY. The only comprehensive study concluded that holes
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Figure 1.2 Suggested proton diffusion path from oxide ion A to oxide ion B. A proton at position
1 rotates around oxygen atom A, which has its own movement. The combination
of these movements bring the proton in closer proximity of oxygen atom B. The
proton can then hop to atom B, which becomes a site identical to the original site
A. (Adapted from Münch et al. [49])
Figure 1.3 IR spectrum analysis (adapted from Kreuer [5]) shows that strong bond bending
accompanies the proton transfer and that a bridging of two neighbor oxygen atoms
occurs.
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move through the lattice as large polarons [38,42]. Interestingly, He et al. also found that that the
electrons likely moved as small polarons.
Large polarons behave similar to free carriers in that they conduct in bands. This band-
type transport occurs when there is only a weak interaction between the defect and the lattice.
This mechanism is associated with a low temperature dependence and relatively high mobilities,
typically 1 cm2 V−1 s−1 to 10 cm2 V−1 s−1 [38, 51].
Small polarons, on the other hand, have much stronger interactions with the lattice. They
tend to remain more localized around individual atoms. At low temperatures, it is possible for
the small polaron to tunnel between neighboring sites. As the temperature increases the transport
mechanism transitions to a hopping mechanism once there is sufficient thermal energy to overcome
the relatively large activation energy associated with the process. This hopping mechanism can
be described by classical diffusion theory. Because of this thermally activated hopping process,
the range of mobilities for small polarons is typically much lower than for the large polarons at
10−4 cm2 V−1 s−1 to 10−2 cm2 V−1 s−1 [51].
1.3.3.2 Experimental Techniques
There are a wide variety of experimental techniques available to interrogate defect transport
kinetics. Measurement techniques cover a diverse spectrum, from conductivity to permeation, DC
to AC, time and frequency domains, pure electronic to pure ionic, and everything in between [52].
It would be an impossible task to cover even a modest fraction of these experimental techniques
in detail. Rather, only three of the most common measurement techniques will be covered here;
two that rely on conductivity and a third that relies on tracer isotopes. A fourth method will be
discussed in greater detail later in this text as it pertains directly to the measurements made for
this dissertation.
4-point DC Conductivity
DC conductivity measurements are used most often to make simple determinations of total conduc-
tivity. By using four contact points rather than two, any resistance between the point contacts and
the surface are removed from the measurement [53]. That is not to say that there is no resistance,
but as Figure 1.4 shows, one set of contacts are used to measure voltage and another to measure
current. This decoupling allows the resistance to, in effect, be canceled out.
One of the drawbacks of DC conductivity measurements versus the EIS method discussed
below is that there is no distinction between grain bulk and grain boundary contribution to the
conductivity. Only the total conductivity can be measured. There are variations in the technique
that allow for the implicit estimation of these quantities, which rely on measurements from various
samples that have different grain sizes [54].
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Figure 1.4 Schematic of 4-point DC conductivity setup. Separate measurements are taken for
voltage and current. These values can be inserted into the equation above, along
with the sample cross-sections area and length, in order to cancel out the effects of
the measurement resistances.
Figure 1.5 A Nyquist diagram which graphically represents EIS data. The shape, size and
behavior of the curve provide information about the various kinetic phenomena
occurring in a system. This can be translated into an equivalent electric circuit
(adapted from [55]).
Electrochemical Impedance Spectroscopy
Perhaps the most widely used of all the solid-state ionics measurement techniques, Electrochemical
Impedance Spectroscopy (EIS), is one of the most powerful experimental methodologies to measure
the ionic conductivities of pure ionic conductors. By cycling a cell with a small AC voltage at various
frequencies, it is possible to not only measure the ionic conductivity of the electrolyte, but also
differentiate between grain-boundary and bulk conductivity. This separation is possible because
the impedance changes depending on the conduction mechanism, with different time constants for
different processes. As Figure 1.5 shows, by plotting the impedance versus the AC frequency, the
different processes appear as various features.
Proper interpretation of these Nyquist diagrams requires the use of equivalent circuits. But
since it is rare that a material will act ideally, sometimes special data fitting techniques are necessary,
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greatly complicating the interpretation process [54]. Test equipment that can satisfy the extreme
frequency requirements is also very expensive, making the start-up costs for a test-bed using the
technique substantial.
Secondary Ion Mass Spectroscopy
Moving away from electrical measurement techniques, Secondary Ion Mass Spectroscopy (SIMS)
is another powerful technique for measuring diffusion kinetics [56]. Unlike the previous methods,
SIMS is not typically done in-situ. Rather, a sample is operated in, or merely exposed to, an
environment containing isotopes of the diffusing species of interest. After a given time, the sample
is removed. Using an ion beam, surface atoms are sputtered off the sample and fed to a mass-
spectrometer. As the beam mills into the sample, the mass signal can be monitored for changes in
the isotope ratio. Once completed, a depth profile of the diffusing species is built, which can be
correlated to the amount of time the sample spent exposed to the tracer isotopes through simple
transient diffusion rate laws, giving the diffusivity [57].
The most glaring deficiency in the SIMS method is the absence of real-time data, which
impacts analysis of fast diffusing species. This is especially true of defect species that may still be
mobile at room temperature. A larger issue is the extremely high cost of the equipment, which
often requires major capital investment, making it a technique that is usually available only to very
large research universities and labs.
It is possible that Raman Spectroscopy could fulfill a similar role as SIMS for isotopic depth-
profiling. There is evidence that differences between 16O and 18O can be differentiated with Ra-
man [58]. Raman is a much more economical and common solution, which would greatly lower the
boundaries to research.
1.3.3.3 Conductivity vs. Permeation
Some of the greatest difficulty with conceptualizing permeation transport is derived from the
challenge of separating conduction behavior from that of permeation. First, it is helpful to define
each process.
Solid-state ionic conductivity is an electrochemical phenomenon, where electrodes are placed
on either side of an electrolyte that is capable of transporting charge with ionic defects (it may be
a single ionic defect or multiple types), but is not itself electronically conductive. The electrodes
allow for half-cell reactions to occur which convert gas-phase species to an ionic defect and an
electronic defect or vice versa. The electrodes are connected to each other with either a resistive
load in between or a voltage source, depending on application. In the case of a load, if the two
electrodes experience different gas environments a voltage is established across the electrolyte and
the ionic defects migrate across in response. In order to maintain equilibrium, the electronic defects,
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unable to travel with the ions through the electrolyte, are forced to travel through the circuit that
contains the load, proving a current from which work can be extracted. If the load is replaced by
a voltage source, then it is that voltage that forces the two electrodes to be at different potentials.
The conductivity is determined by both the number of charge-carriers available and the mobility
of those carriers. An electrolyte will perform equally well with a large number of slow defects or a
lower number of faster defects.
Solid-state permeation is somewhat different. While both processes involve the transport
of charge through a solid via charge-carrying defects, certain restrictions in permeation transport
lead to very different behavior and methods of interpretation. Electrodes are not necessary for
permeation, in fact the two sides of the membrane must be electrically isolated, with no means of
charge transfer outside the membrane material itself. It is that isolation that imparts the most
important restriction — the need for electroneutrality within the membrane. At all times, the local
environment within the membrane must have an equal number of positive and negative defects. As
a result, a single charge-carrying defect is unable to move through the membrane in the absence
of a different defect countering that movement (either a like-charged defect moving in the opposite
direction or an opposite-charged defect moving in the same direction). This is completely different
than in the conduction case, where because of the electric field established by the potentials at the
two electrodes charged defects are free to move uncompensated through the electrolyte (as long as
the electronic carriers have a pathway to meet, otherwise the ionic defects will reach a gradient
within the electrolyte that fully counters the electric field and a new equilibrium is reached).
Of the various consequences for this restriction of electroneutrality, perhaps none is more
important than which defect is responsible for dictating overall transport rates. This quantity is
best known as transference number, although it is also called transport number. It describes how
much of the overall charge is carried by each defect. It is defined by the following expression based





where tk is the transference number for defect k, z is the value of the charge being carried, and
Jk is the magnitude of the flux of defect k. It is necessary to use absolute values and scalar
quantities when dealing with permeation conditions in order to properly define the transference
numbers. Otherwise, since there is never a net movement of charge,
∑
` z`J` is always zero, leading
to an undefined transference number. The subject of transference numbers is covered in depth in
Chapters 2 and 4.
In conduction, since the ions are unencumbered by the electroneutrality restriction, the fastest
ion is free to carry the most charge. This results in the total conductivity being mostly determined
by the best carrier (either because of superior mobility and/or carrier density). However, in per-
meation, even if one defect is able to carry more charge, it is limited by the capacity of the counter
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defects to carry their charge, since electroneutrality must be maintained. Thus, in permeation
it is the poorest carrier that dictates the overall transport rate. This distinction has important
ramifications which will be discussed later.
1.3.3.4 Coupled Transport
For general transport, in the absence of any constraints, the flux of one quantity is linearly
dependent on only its conjugate force (e.g., Fourier’s Law of Heat Flow, ~JQ = −K∇T , or Fick’s
First Law of Diffusion, ~Ji = −Di∇ci) [60]. However, there are often constraints on a system that
force different fluxes to be coupled together. The most common example would be the thermo-
electric effect (i.e., Seebeck and its conjugate Peltier effects, where a temperature gradient can
induce an electric current or an electropotential gradient can induce heat flow). There are a num-
ber of other examples, including those that couple mass transport to other gradient types, like
chemo-mechanical (diffusion/strain) and thermo-chemical (diffusion/heat), but in all cases there
is a common relationship between the two fluxes. The relationship was conjectured in the 19th
Century by the likes of Lord Kelvin, Helmholtz, Boltzmann and Lord Rayleigh, but it was not
until 1931 when Lars Onsager was able to produce a full derivation [61,62], based on the theory of
non-equilibrium thermodynamics (NET). When the relationship of the two fluxes is written as
J1 =L11X1 + L12X2 (1.27)
J2 =L21X1 + L22X2, (1.28)
“Onsager’s Reciprocal Relation” (ORR) states that the cross-terms must be equal
L12 = L21. (1.29)
Electroneutrality is one such constraint that should lead to coupling, however that is not a
universally accepted statement. In fact, arguments on the validity of ORR in multi-component
diffusion have existed since Onsager wrote about multi-component diffusion in liquids [63, 64]. As
discussed in depth later, multi-species transport in perovskites can and should be treated as a
coupled system that conforms to ORR.
1.3.4 Transport Models
Transport models for solids with multiple carriers have been in development for over 80 years.
Much of the progress is attributable to seminal work from some of the titans of early 20th Century
solid state physics and electrochemistry, such as Lars Onsager [63], Lawrence Darken [65], Carl
Wagner [66,67], Prabhat Gupta [68], John Kirkaldy [64], and Hermann Schmalzried [69]. Over the
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past 25 years there have been numerous attempts to adapt and apply these models to the defect
transport of proton-conducting ceramics and mixed ionic–electronic conducting (MIEC) materials.
The intent of this section is to highlight the major contributions and discuss how the different
approaches are linked.
Most of these modeling efforts are constrained by the numerous assumptions necessary to solve
the transport equations analytically, which limits their application to specific operating conditions.
The majority of the models can be classified into a few categories based on the assumptions and
modeling techniques.
1.3.4.1 Multi-species Transport
Models that consider multi-species transport are the most general model type, since there
are no limits on how many defects may be present and contributing to charge transport. This does
not mean that there are no assumptions built into the model, but generally the assumptions that
are made involve simplifications that still allow for the representation of most normal experimental
conditions. Typically, operation in the dilute limit is expressed, as well as fast surface reactions
compared to bulk mass transport. Most also assume that there are no internal defect reactions (one
exception is Maier [70–73], which is discussed below). For low to moderately doped BZ systems these
are all valid assumptions, as long as the membrane thickness is larger than the critical thickness
when surface reactions begin to dictate flux rates.
The first models were based on EMF measurements. Iwahara’s group first discussed the
method in two early papers by Uchida et al. [74, 75]. Truls Norby also did a bit of work in this
area in the mid 1980s under Per Kofstad [76, 77]. The essence of the method is to measure the
open-cell voltage of a cell (which is in essence a permeation condition since no charge compensation
is provided by the electrodes) with slightly different gas conditions that change the activities of
the defect of interest and leave the other defect gradients relatively untouched. The results provide
conductivity-based transport numbers for certain experimental gas environments. Norby expanded
the theory beyond protons to include any foreign defect, and detailed ways to determine and
separate any foreign defect conductivity contribution from oxygen and metal ion contributions [78].
The biggest challenge to this method is controlling the gas environments with enough precision to
make useful measurements while ensuring that only the defect activity of interest is varied. This is
very difficult, and as the discussions on published defect concentration experiments will highlight,
sometimes the assumptions on what effect a gas environment change will have on defect populations
is weak or even false.
In 1993, Joachim Maier wrote a four part, 21 page tome on multi-species transport [70–73],
where he developed chemical diffusion coefficients for a large number of different cases. Going far
beyond the number of defect species that have been used previously, Maier extended his work to
not only more defects, but multiple oxidation states, isotopes, and sources and sinks (such as those
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caused by internal defect reactions and trapping). Few of the results have been used by other
authors, with the exception of some of the early ambipolar solutions that are discussed later in the
context of Kreuer’s work [79].
1997 was a prolific year for investigators of multi-species transport. Condon and Schober [80]
produced a numerical model based on the flux relation between both concentration and electrical

















which originates from Gauss’ Law to capture the constraint of electroneutality. Equation 1.30 al-
lows for small deviations from local electroneutrality, the volume of which is related to the strength
of the material’s permittivity, ε. This technique is seen occasionally in later models, almost exclu-
sively when numerical techniques are being employed to solve the transport equations, since the
introduction of partial differentials greatly increases the complexity of an analytic approach.
Another model to be published in 1997 was by Meilin Liu [81]. This was the second of
the multi-species models to invoke the Nernst–Planck–Poisson formalism. While developed for
fuel-cell analysis, much of the early derivation is equally applicable to permeation. Liu expanded
to also include the possibility of intrinsic defects under certain gas environments. Perhaps more
importantly, this was extended to thinking about different transport regimes existing within a
membrane simultaneously. So that around the surface in contact with a reducing environment,
n-type behavior would dominate, but at the opposite surface, if under oxidizing conditions, the
prevailing behavior would be p-type.
Norby and Larring produced one of the first models to predict fluxes in hydrogen separation
membranes using at least three possible defects [82]. They neglected any cross-terms, assuming
that the fluxes are only dependent on the chemical and electrical forces of that species only (later,
it will be shown that this assumption does not in fact ignore cross-terms). For the general case of
protons, oxygen, and electrons (or holes depending on conditions and material), the expressions for


























where ti is the transport number of defect i, so σti is the partial conductivity of defect i. Regardless
of the decision to neglect cross-terms, Eqns. 1.31 and 1.32 should not satisfy ORR, since the
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fluxes are in terms of defects, while the gradients are in terms of chemical species (in fact they
are assuming ideal dilute behavior, so that the defect activities can be replaced by gas partial
pressures). Curiously however, the cross-terms are equal. Integration of the two expressions over


































which can be used to predict the actual defect flux depending on the partial pressures of oxygen
and hydrogen on the two sides of the membrane.
At the same time as Norby and Larring, Tan et al. [83, 84] published a numerical analysis
of three-species transport under permeation conditions. While their process similarly started with
Nernst–Planck (with substitutions for concentrations and diffusivities), it appears as though the
electroneutrality condition is mis-applied. In addition to the common statement that the defect
fluxes must result in zero net flux, written as
∑
i
ziji = 0, (1.35)








which appears to be derived from Poisson’s Equation (Eqn 1.30). This has the consequence of
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Rather than a third equation that produces the flux of electron-holes, Eqn. 1.38 has the electroneu-
trality condition Eqn. 1.36. It is unclear whether this is the result of how the original system of
equations was solved or if they explicitly set the hole flux to zero and used Eqn. 1.36 to com-
plete the matrix. In either case, their solution does not have equal cross-coefficients, which hints
at the possibility that the equations are not correct (this is the only known model that uses the
Nernst–Planck framework that does not result in equal cross-coefficients).
A year later, Anil Virkar published a model that became the basis for much of the work
presented in Chapters 2 and 3 [85]. Since it is covered in depth within those chapters, only the
result and highlights of its relevance is presented here. Virkar’s final solution, in terms of oxygen




























































Of interest is that even with the solution written in terms of steam and oxygen fluxes and chemical
potential gradients, the cross-coefficients are still equal. As Virkar was the first to point out, this
allows for the “uphill” transport of oxygen or steam driven solely by a strong chemical potential
gradient in the other species. Not only does this add credence to the treatment of multi-species
transport as a coupled system, but it has implications for the real world application of these
materials. An unfortunate mistake in a later work [86], discussed later, lead to this work being
overlooked and in some circles dismissed as incorrect.
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Matsumoto et al. [87, 88] would leverage the Norby and Larring result for another study of
hydrogen permeation. They developed an expression for the hydrogen flux that is similar to a
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All the previous models have been explicitly derived for steady-state conditions. Perhaps the
first to attempt the inclusion of transient behavior was Han-Ill Yoo et al. in 2008 and 2009 [89–91].
In response to strange relaxation behavior that had been reported elsewhere, Yoo et al. modeled the
observed non-monotonic relaxation behavior in SrCe0.95Yb0.05O2.975 that occurs when hydrating or
dehydrating under oxidizing conditions. It is thought that most other multi-species systems have
an analogous behavior.
1.3.4.2 Two Defect Simplifications
The models discussed above can typically be simplified for use in systems with only two
charge-carrying defects. The two most common systems are those with two ionic defects and those
that have one ionic defect and one electronic defect. Often the previous are grouped as MIECs
and ambipolar systems, although sometimes ambipolar is used for any two defect system where
coupling occurs (and the MIEC classification is sometimes extended to systems with more than
two defects). In this dissertation, discussion will treat them as separate types, both describing
two-defect transport. As mentioned earlier, the biggest challenge to the implementation of these
simplified models is that they are only valid under the experimental conditions that lead to two-
defect transport. Which conditions will satisfy that requirement are often either unknown, or a
moving target where even small changes in gas composition can lead to the significant addition of
a third transporting defect. But that is not to say that they are without merit. As it was for the




Models dealing with two-defect MIEC behavior are much older than proton-conducting ceramics
research. Many of the original models were developed in the 1970s during the course of oxidation [66,
67] and fuel-cell work [92,93]. The models in use today vary little from those developed forty years
ago, and most of the multi-species models collapse down to the MIEC framework when simplified.
Some of the authors already discussed cover those simplifications (e.g., Maier [70–73], Liu [81], and
Norby and Larring [82]). Much of the work has not been directed towards proton conductors, but
rather oxygen conducting MIECs like doped-ceria. However, they can be easily applied for other
types of systems.
Choudhury and Patterson formulated one of the first models for the direct application of
multiple charge carriers in solid electrolytes for electrochemical cells [92, 93], which as in previous
discussions, can be treated as a permeation membrane when under open circuit (OC) conditions.
Their 1970 work was based on Carl Wagner’s oxidation work in the 1930s [66], which gave quantita-
tive solutions to tarnishing rates based on the rates of solid-state ionic transport through the oxide
layer. The work focuses on the steady-state oxygen defect concentrations across a membrane and
found that, as Wagner had long qualitatively theorized, there are regions of strong non-linearity
where the transport is almost exclusively ionic.
In 1981, Ilan Riess developed a model that deals with the same phenomenon as Choudhury
and Patterson [94], however he used different assumptions. The transport equations he produced
were different then those of Choudhury and Patterson and it was generally accepted that they were
not equivalent. However, in 1997, Helfried Näfe was able to show that the two techniques indeed
produced equal solutions [95], although Choudhury and Patterson’s solutions contained “higher
information content” and were therefore preferable to those of Reiss.
Like the two previous models, Lin et al. developed a model for oxygen conducting MIECs [96]
(the solutions are equally valid for other carrier types), though it looked at oxygen permeation in
membranes. Departing from Wagner’s theory, Lin et al. incorporated surface exchange kinetics in
order to capture the mixed behavior of a very thin electrolyte (or membrane) where the assump-
tion of bulk diffusion limited transport is no longer valid. Their model compared very well with
experimental results for both bulk diffusion limited and surface reaction limited situations. It was
also shown to be possible to extract information about possible surface reaction mechanisms from
permeation data.
Li and Iglasia attempted to devise a new formalism in 2003 [97]. Unhappy with previous
treatments that contained expressions in terms of partial conductivities which vary positionally
within a membrane, they set out to develop a more accurate and rigorous model. However, their
only deviations from all other treatments appears to be in nomenclature and variable assignments.
Like most others, Li and Iglasia used Nernst–Planck as their foundation and built up a set of equa-
tions that removed the electrical potential gradient (they did not directly declare the assumption
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of electroneutrality because they produced a more general equation that can be used under the
conditions of a finite net current). “Virtual partial pressures” were introduced to replace chemical
potentials, which are nothing more than a way to combine the defect concentrations into expres-
sions of the virtual gas-phase concentrations within the membrane. The rationale for this switch
is not explained. Additionally, many of the defect diffusivities and concentrations are re-expressed
as nondimensionalized variables (e.g., the defect diffusivities are normalized by the proton diffusiv-
ity). This has no apparent value, especially when the authors defined transference numbers that
are still spatially dependent (unlike Eqn. 1.26 which is spatially independent since the fluxes must
be constant across the entire membrane in the absence of sources or sinks). Ultimately, all the
work seems for naught, since it appears that the solutions for OC conditions that Li and Iglasia
developed are equivalent to those from other authors.
While not directly targeted for permeation membranes, in 2009 Duncan and Wachsman
developed a powerful model for fuel-cells under OC conditions that can be applied to permeation
[13,98]. Perhaps the finding of the most interest is that unlike in strictly ionic electrolyte cells, the
electrode material influences the open-circuit voltage (OCV) in MIEC electrolytes.
Ambipolar Transport
Some of the first models that were developed in the 1990s focused exclusively on the proton and
associated oxygen-vacancy conduction. The best example is Kreuer et al. [79], who in 1994 devel-
oped a simple chemical diffusion coefficient to describe steam transport relative to the transport of





describes how the overall apparent diffusivity of water is affected by the hydration level of the
membrane (X from Eqn. 1.18). The relationship reflects the coupling effect that was discussed
in Section 1.3.3.3, where in the limit of X → 1 there are very few vacancies, so the diffusivity
is determined by DV••O and conversely, in the limit of X → 0, there are very few protons, so the
diffusivity is determined by DOH•O .
The validity of Kreuer’s expression was challenged directly in 2002 by Virkar and Baek [86].
They took exception to the fact that in the limit of X→ 1 the diffusion coefficient did not reduce
to zero. Virkar and Baek argued that the diffusion coefficient should be zero because you have no
vacancies to act as carriers (a similar argument could be made for the lack of protons as X → 0,
but was not). A number of different solutions were presented based on various assumptions. In
a rather scathing rebuttal, Kreuer and Maier [99] pointed out that Virkar and Baek’s argument
was flawed due to an incorrect interpretation of the equation, since D̃H2O is merely the diffusivity
coefficient and not the actual diffusivity. As such, it comments only on the effective mobility of the
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defects which would not approach zero, rather it is the concentration gradient which disappears
in the limit of either full hydration or dehydration and leads to zero diffusivity. Oddly enough,
Virkar’s earlier multi-species model [85] simplifies to the same expression for the effective steam
diffusion coefficient as Kreuer (see Appendix A for the full treatment).
Expanding upon Kreuer’s effective chemical diffusion coefficient [79] and his defect thermo-
dynamics model [26], Grover Coors produced flux equations for steam transport [100]. Taking
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This solution was used in Sanders et al. [101] to investigate the ramifications of changing
the material parameters of interest, specifically the hydration enthalpy and entropy and the dif-
fusivities of protons and oxygen vacancies. Based on ambipolar behavior, there were conditions
when decreases in the diffusivity of protons would lead to slight increases in steam flux. It was
also clear that the diffusivities do not equally alter the final steam flux across all temperatures,
rather due to the shift in membrane hydration at elevated temperatures, the flux will eventually
begin to decrease. What is not mentioned in the analysis is that the assumption of ambipolar
behavior for such a wide range of temperatures is tenuous at best. As discussed in Chapter 4, true
ambipolar conditions are difficult to achieve for one temperature, so across a span of 1000 ◦C is
almost impossible.
1.3.5 Reported Experimental Results
Even the most powerful and robust model is at the mercy of the quality of the input pa-
rameters. This is especially true when dealing with multi-species transport models, which may
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have 16 to 20 variables. Unfortunately, the demand for experimental data has largely outpaced
experimental progress. That is not to say that experimental work is not being performed, rather
experimentalists have narrowly focused on certain material aspects, like proton conductivity, at
the expense of all others. Below is a survey of what work has been done, with an eye towards
parameters that can be used for BZY10 and BZY20. There has been comparable work done on
many other perovskite and perovskite-like protons conductors than what is listed here, but the goal
is to focus on those parameters that will be of use to the immediate modeling task at hand.
1.3.5.1 Defect Thermodynamics
Of all the defect formation reactions that can occur in BZY10, it is the hydration reaction
that is the most measured, since it is responsible for the incorporation of protons into the mate-
rial. The first reported values of the hydration thermodynamics for BZY10 appear in 1999 from
Kreuer [26]. He reports a hydration enthalpy of ∆H0=−75.73 kJ mol−1 and a hydration entropy of
∆S0=−86.24 J mol−1 K−1. Later, Kreuer would refine those values to ∆H0 = −79.4 kJ mol−1 and
∆S0 = −88.8 J mol−1 K−1 [102]. In between, Schober and Bohn report values of ∆H0 = −0.77 eV
and ∆S0 = −0.9× 10−3 eV K−1 [103], which equate to values of −74 kJ mol−1 and −87 J mol−1 K−1
respectively. These values would be unchanged for almost eight years.
In 2008, Yoshihiro Yamazaki from Sossina Haile’s group at Cal Tech reported that previous
measurements were greatly overestimated [47]. Although their work focused on more heavily doped
barium zirconates, with dopant levels of yttrium from 20% to 40%, most research had shown that
there were clear trends that showed dopant level had only a weak affect on hydration thermodynam-
ics and it was resonable to compare the BZY20 results to those for BZY10. With enthalpy values
that spanned −22 kJ mol−1 to −26 kJ mol−1 and a dopant independent entropy of −40 J mol−1 K−1
they argued that the lower temperatures at which their measurements were made deconvoluted the
results from electronic defect reactions that occur at high temperature.
A few months later, Ricote et al. [104] published new results with ∆H0 = −83.3 kJ mol−1
and ∆S0 = −91.2 J mol−1 K−1 which is in line with the previous findings. There was no discussion
of the Yamazaki results, likely because the research was done in a parallel time frame.
Christian Kjølseth out of Truls Norby’s group at Oslo, presented new data in 2010 that was
also in agreement with the work of Kreuer and Schober [46]. Using a new process that involved both
TGA and DSC they arrived at an enthalpy of ∆H0 = −81 kJ mol−1 (their process did not allow the
calculation of an enthalpy). This method, for the first time, allowed for the direct measurement of
the enthalpy. In their discussion they addressed the anomalous results from Yamazaki et al. [47],
concluding that their low temperature results were likely skewed by vacancy defect ordering or
vacancy-dopant complexes which greatly reduced the vacancies energy leading to the less exothermic
enthalpy reported. They also dismissed the oxidation reaction hypothesis, since their measurements
were made at fairly low oxygen partial pressures where significant hole formation is not expected.
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Kjølseth et al. also pointed to DFT calculations [105, 106] that produce similar enthalpy values.
There have been other modeling attempts, however, that produce significantly lower values (∆H0 =
−0.12 eV) [107].
A possible explanation for the many discrepancies has been proposed by Yamazaki et al. [35].
It is believed that there are two reasons behind the scatter in the data. The first is slight barium
deficiency, which leads to increased partitioning of the yttrium dopant over both A and B sites,
causing a drop in the vacancies available for hydration. The second reason revisits the group’s
earlier proposal of oxygen incorporation [47]. However, this time they investigated the possibility
of water oxidizing the perovskite. Using isotope experiments, they showed that at temperatures
above 500 ◦C, rather than water interacting with the vacancies to form two proton defects, the
oxygen is stripped from the water, leaving hydrogen gas and two electron-holes to compensate the
lost charge from the vacancy. Since both hydration and this new process occur simultaneously,
even in relatively low oxygen environments, the hydration behavior is overestimated.
In stark contrast to the attention that the hydration reaction has received, the oxygen incor-
poration reaction has been all but ignored. There are no known direct measurements of the reaction
energy in yttrium-doped barium zirconate and only one thorough attempt at making calculations
using DFT. Looking at a more heavily doped BZY25 system, Bévillon et al. [108] reported an
energy of −0.71 eV, corresponding to approximately −68 kJ mol−1 (the entropy term was not eval-
uated or predicted). They noted that, much like the hydration reaction, the enthalpy of reaction
is negative. While it is known that hole conductivity increases with increasing temperature, which
would be an indication of an endothermic reaction, it was shown that since the energy required for
hole mobility remains much smaller and positive than that for defect creation, the experimental
behavior can still be explained by an exothermic defect formation reaction. Further evidence of the
validity of the results was the close agreement with earlier calculations on the energy associated
with vacancies [109].
In the absence of published values, it was necessary, for the modeling work for my Masters
thesis [16], to estimate values for the hole formation reaction. Conductivity activation energy is
the sum of those for mobility and defect formation, so it should be possible to extract one of the
component energies with knowledge of the other. Holes are known to behave as large polarons in
similar perovskites [38] so their mobility should have a weak temperature dependence and will likely
contribute little to the overall conductivity activation energy. Therefore the activation energy for
hole formation must be close to the total activation energy associated with the hole conductivity.
Reported values were taken as a starting point [54,104] and later refined to ∆H0 = −135.0 kJ mol−1
and ∆S0 = −130.0 J mol−1 K−1. These values would also be used later in a paper co-written with
Robert Kee, Huayang Zhu, Brett Hildenbrand, Einar Vøllestad, and Ryan O’Hayre [14]. While the




Measuring the defect kinetics parameters for multi-species conductors may be even more
difficult than obtaining the thermodynamic values. The data collection is often easier, but inter-
pretation depends on many assumptions that, if inaccurate, lead to poor results. In what will
be a reoccurring theme, most of the actual measurements consist of conductivity data which is
dependent on both mobility and carrier concentration. In order to extract mobility, and therefore
diffusivity, from the data, assumptions must be made about the number of defects present in the
sample. As shown in the previous section, this is not nearly as cut and dried as it is often presented
in the literature. This is magnified by the changing behavior of these materials depending on tem-
perature and the gas environment under which the experiments are run. Often, authors are only
interested in the conductivity behavior of a material, so they only report parameters associated
with the conductivity measurements themselves, sometimes not even presenting the exact exper-
imental conditions. All this makes comparing results difficult, so whenever possible the following
results will be converted into other useful quantities.
The first to measure proton diffusivity in BZY10 was Kreuer in 1999 [26]. He reports a
pre-exponential log D0=−2.6± 0.2 cm2 s−1 (equating to D0=2.5± 0.5× 10−3 cm2 s−1) and an acti-
vation energy, Ea=0.43± 0.01 eV. Kreuer also includes the oxygen vacancy diffusivity. It is shown
only as a plot of diffusivity vs. inverse temperature, but extracting the equation of the line pro-
duces a pre-exponential of D0=1.1× 10−3 cm2 s−1 and an activation energy of Ea=0.93 eV. Kreuer
included both diffusivity values and the original conductivity data (from EIS measurements), al-
though the latter had to be extracted from a σT vs. inverse temperature plot. The conductivity
pre-exponential was σ0 =2.2 S K cm
−1 and the activation energy was Ea=0.45 eV, which is essen-
tially identical to the diffusivity result. Typically, the activation energies for mobility/diffusion and
conductivity will not be equal, since the conductivity activation energy is the sum of the activation
energies for both mobility and defect formation. However, in the case of Kreuer’s results, it is
not unexpected. His proton conductivity data was taken at low temperature (∼ 50 ◦C to 150 ◦C)
where the proton concentration is essentially constant, so the defect formation energy is not re-
solved. There is no mention of the exact gas compositions used for the experiments, only that there
were two different water partial pressures. The results would point to a fairly inert or reducing
environment, as discussed later, with little if any hole contribution to conduction.
As part of a larger study of mixes of barium zirconates and cerates to increase the stability
of barium cerates, Katahira et al. looked at BZY10 under both wet hydrogen and wet air environ-
ments [27]. Two experimental techniques were employed. Conductivities were measured using a
2-point AC technique, and concentration cells were employed to study transference numbers. Inves-
tigating a temperature range from 600 ◦C to 1000 ◦C, their results in wet hydrogen show a relatively
constant activation energy of Ea=0.37 eV until almost 800
◦C. Since the temperatures investigated
are so much higher than those for Kreuer, the conductivity activation energy is becoming smaller
as the negative activation energy of the defect reaction becomes a larger constituent of the total
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activation energy. The slope begins to increase at high temperatures as the material dehydrates and
shifts to oxygen vacancy dominated conduction, reaching Ea=0.67 eV between 900
◦C and 1000 ◦C.
It is not possible to extract meaningful proton mobility values from the Katahira et al. conductivity
data, since at temperatures of 600 ◦C and above the conductivity is not exclusively protonic.
In wet air, the effective activation energy for conduction jumps to over 0.48 eV at the lower
temperatures, and nearly reaches 1.30 eV at the higher temperatures. This is attributable to the
addition of electron-holes as a significant charge carrier. What is not clear from this data is whether
the high effective activation energy is a result of a high activation energy for hole mobility or the
hole formation energy.
Later in 2000, Bohn and Schober reported new BZY10 EIS conductivity data [37] which
they normalized by proton concentration to extract mobility. They reported a proton mobility
pre-exponential of µ0=66± 7 K cm2 V−1 s−1 which is equivalent to D0=5.7± 0.6 cm2 s−1 and an
activation energy of Ea=0.44± 0.01 eV (the activation energy of diffusion is equivalent to that of
mobility). Unsurprisingly, considering the closeness of the diffusivity values to those of Kreuer, the
conductivities were essentially equal to those that Kreuer reported at the same temperature range.
The overall temperature range of the data is larger than for Kreuer and it becomes apparent that
the conductivity effective activation energy begins to change as temperature increases.
Additionally, Bohn and Schober performed conductivity tests in dry atmospheres to investi-
gate oxygen vacancy and electron-hole conductivities. However, they did not attempt to extract
the concentration and mobility activation energies. Rather, they reported only the conductivity
parameters. The hole conductivity had an activation energy of Ea=0.9 eV and the oxygen ion’s
conductivity activation energy was Ea=1.1 eV. These values are in line with those produced by
Katahira et al. when correcting for changes in temperature range between the two data sets.
Much like the thermodynamic experiments, after 2000 there is a long drought. Wang and
Virkar publish new oxygen and hole parameters for BZY07 in 2005 [54]. Using 4-point probe
DC conductivity measurements on porous samples they report Ea=0.57± 0.15 eV and a pre-
exponential of A=55 S K cm−1 for oxygen ions and Ea=1.01± 0.04 eV and a pre-exponential of
A=7.8× 105 S K cm−1 for electron-holes. Comparisons of results with Katahira et al. showed an
order-of-magnitude drop in total conductivity, which was attributed to the use of porous samples.
No true rational is presented for the distinct differences between their results and those reported by
Bohn and Schober, besides that the experiments were performed at a lower temperature range and
with an AC technique. This last point may be the most important, since Bohn and Schober were
able to separate bulk and grain boundary conductivities, while Wang and Virkar are measuring
total conductivity.
Nomura and Kageyama published 4-point probe AC conductivities for BZY20 in 2007 [110].
While they did not extract mobility or diffusivity parameters they did incorporate gas conditions
into their conductivity parameters. For protons they reported an activation energy of Ea=0.38 eV
and a pre-exponential A=12 log(pH2O) + 3.45 S K cm
−1 over a temperature range of 723 K to 873 K.
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The activation energy for oxygen ions reported by Nomura and Kageyama was Ea=0.75 eV
with A=3.69 S K cm−1 (oxygen ions were not reported with a partial pressure dependence) and
the values for electron-holes were Ea=0.73 eV and A=
1
4 log(pO2) + 5.32 S K cm
−1. While the hole
conductivity activation energy is much lower than previous studies, Nomura and Kageyama produce
an oxygen conduction activation energy that falls in the middle of the range.
An anomalous paper was published by Braun et al. in late 2008 [44], using quasi-elastic
neutron scattering (QENS) and EIS to find proton diffusivities. Besides the extremely low activation
energies for proton diffusion that were found with QENS (less than 0.14 eV, which even the authors
admit “should not be taken too literally”) they were attributing a change in activation energy at
700 K to a transition in photon-phonon coupling modes, rather than the more probable change in
majority carrier. The experiments were made in wet air environments, yet there was no mention
of the effects that hole participation might have on their measurements and no apparent correction
for a change in proton concentration at increasing temperatures.
Ricote et al. [104] performed extensive experiments on a number of 10% doped barium cer-
ate/zirconate mixes, including BZY10. Fits of the low temperature portion of EIS curves (from
200 ◦C to 350 ◦C in a moist hydrogen environment) produced conductivity effective activation en-
ergies for protons and deuterons of Ea=0.56± 0.01 eV and Ea=0.59± 0.01 eV, respectively. It is
mentioned that these values are in agreement with the reported values from Kreuer [5], however
the values are actually about 25% higher. The most likely explaination is that Ricote et al. is
reporting total conductivities, and the increased activation energy is attributable to the increased
resistance of the grain boundaries.
DC 4-point probe measurements were also made and expanded in Ricote et al. [111]. Isotope
exchange and different gas environments were used to find the oxygen dependence of the conduc-
tivity behavior and the transport numbers for the temperatures of 500 ◦C to 800 ◦C. The resulting
conductivity data for both hydrogen and deuterium was fit to the equation




where σi is the ionic component and σ
0
p the hole conductivity component. The hole conductivity
was treated as independent of the isotopic nature of the ionic carrier. The results are summa-
rized in Table 1.1. The effective activation energy for hole conductivity in wet air was shown
to be Ea=1.14± 0.05 eV, which is close to the value reported by Schober and Bohn [103]. The
conductivity values given allow for the calculation of the proton conductivity activation energy
at intermediate temperatures. As temperature increases, the ionic conductivity terms for the two
isotopes begin to converge, which is another indicator that the protons are contributing less to the
total conductivity as the sample dehydrates. A fit for the 500 ◦C and 600 ◦C results under wet
hydrogen produces Ea=0.27 eV, which is even lower than that of Katahira et al.. It was proposed
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that the differences were due to sample preparation and density, as well as possible deviations in
experimental conditions.
Table 1.1 Summary of Ricote et al. [111] conductivity fit results




500 0.23 1.18 0.70
600 2.48 1.66 1.18
800 25.30 1.85 1.32
The only (successful) attempt to directly measure proton diffusivity was a part of my Masters
thesis [16], but the results were not included in the resulting paper that is given as Chapter 2
of this dissertation. Using deuterated water for isotope exchange permeation experiments, it was
possible to avoid the convolution of mobility and carrier concentration that is found in conductivity
measurements. The diffusivity of deuterons was found to be D0=1.55× 10−4 cm2 s−1 with an
activation energy of Ea=0.64± 0.03 eV. Accounting for the isotope effect, the proton diffusivity
would have a slightly lower activation energy of Ea=0.59 eV. These values can be converted to
conductivities using assumptions of proton concentrations, leading to Ea=0.30 eV between 750
◦C
and 850 ◦C, which is similar if slightly higher than previously reported conductivities. Much of the
discrepancy between this activation energy and those of Kreuer and others is due to the nature of
permeation. Since there are no electrodes, any charge transport by one defect must be countered
by the transport of at least one other defect type in the opposite direction. Thus the mobility of
faster defects is limited by that of the mobility of the slowest counter defect. Another source may
be the microstructure of the permeation membranes. While the grains are relatively large at 1 µm
to 4 µm, there will still be a sizable grain boundary effect. Finally, the time-lag study is based on
the assumption that the defect formation reactions are fast when compared to transport. If this is
not the case then the time-lag would be a function of the defect reactions not of mass transport.
Considering the very thick nature of the membranes, 1 mm, this is thought to be the most unlikely
of the possible sources of error.
In addition to protons, a possible diffusivity for holes was measured using a modified version
of the time-lag experiments to account for the lack of mass-transport species for electron-holes.
The resulting D0=1.05× 10−2 cm2 s−1 with an activation energy of Ea=1.01± 0.05 eV is similar to
the activation energies found by Bohn and Schober, and Wang and Virkar.
One of the last studies of the BZY system was published by Fabbri et al. in 2010 [112].
Conductivities were measured as part of a study into the effect of increased yttrium concentration.
They found that there was a small increase in activation energy with increasing Y content after
30% of about 10%, for both the bulk and grain boundary conductivity. An even more pronouced
drop of 20% also appeared in the pre-exponential for the bulk, although not for the grain boundary.
The pellets were not very well sintered, with the BZY20 being the most dense at 90% of theoretical,
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and the grains were rather small. This may have affected the measurements to some extent, since
the overall conductivities are lower than other reported values.
1.3.5.3 Reaction Kinetics
The one aspect of the behavior of BZY that has never been investigated is the reaction
kinetics for the surface defect reactions. In fact, there have been only a few investigations over the
past 20 years that are even tangentially relevant. Three of the first only looked at oxygen exchange
rates. In 1997 De Souza et al. used Secondary Ion Mass Spectrometry (SIMS) to measure the
isotope exchange and oxygen diffusion rates for three different perovskites [56]. Much later, Vdovin
and Kurumchin, in 2004, looked at the interphase exchange of oxygen isotopes in BCN5 and SCY5
using mass spectroscopy (MS) [113].
In 2009, Bouwmeester et al. introduced an interesting technique for measuring oxygen ex-
change rates [114]. By flowing an oxygen laden gas stream through a packed-bed of oxide powder
and then introducing a pulse of oxygen isotope, they could monitor the isotope ratio of the result-
ing MS signal to quantify the surface exchange rate. Unfortunately, it is unlikely that a similar
technique could be used for protons, owing to the speed at which deuterium is exchanged with
hydrogen in water/heavy-water mixes.
The most useful was published in 2011 by Yashiro et al. [115]. Looking at barium cerate
(BCY5) and a strontium zirconate (SZY10) they calculated effective reaction rate constants, k,
between 550 ◦C and 800 ◦C using conductivity relaxation experiments. At lower temperatures the
BCY5 had the better reaction rates (kBCY5 ≈ 5× 10−6 vs. kSZY10 ≈ 8× 10−7), but by 800 ◦C the
rates were nearly equal at k ≈ 2× 10−5. Assuming the reaction rates are similar in BZY10, at
least on the same order-of-magnitude, then membranes with thicknesses on the order of 100 µm will
begin to show deviations from exclusively diffusion limited behavior. This will be discussed further
later in this dissertation.
In Wang et al. [116], Joachim Maier’s group at Max Planck Institute has looked at related
materials and probed deeper into the exact rate determining step (rds) for oxygen exchange (which
should be similar to that of the hydration reaction). Interestingly, they propose that the rds is the
approach of a vacancy to the location of a chemisorbed oxygen molecule. If this is accurate, then
it is likely that it would also be the rds for the hydration reaction (although they make no such
connection).
1.3.5.4 Results Summary
A summary of the relevant results discussed above can be found in Tables 1.2 and 1.3, for
the thermodynamic and kinetic quantities, respectively. The most likely values, which are the basis
of the modeling work presented in this dissertation, are indicated.
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Table 1.2 Summary of Experimental Results for Thermodynamic Quantities
Hydration Oxygenation
∆H0 ∆S0 ∆H0 ∆S0
kJ mol−1 J mol−1 K−1 kJ mol−1 J mol−1 K−1
Kreuer [26] BZY10 −79.4 −88.8 — —
Schober and Bohn [103] BZY10 −74 −87 — —
Yamazaki et al. [47] BZY20 −22 −40 — —
Ricote [104] BZY10 −83.3 (L) −91.2 (L) — —
Kjøseth et al. [46] BZY10 −81 — — —
Bévillon [108] BZY25 — — −68 (T) —
Sanders [16] BZY20 — — −135.0 (E) −130 (E)
(T): Theoretical Value (E): Estimated Value (L): Likely Value
Table 1.3 Summary of Experimental Results for Kinetic Quantities
D0 (cm2 s−1) Ea (eV)
Kreuer [26] BZY10 Protons 2.5 × 10−3 (L) 0.43 (L)
Vacancies 1.1 × 10−3 (L) 0.93 (L)
Katahira et al. [27] BZY10 Protons — 0.37 (C)
Bohn and Schober [37] BZY10 Protons 5.7 0.44
Vacancies — 1.1 (C)
Holes — 0.9 (C)
Wang and Virkar [54] BZY07 Vacancies — 0.57 (C)
Holes — 1.01 (C)
Nomura and Kageyama [110] BZY20 Protons — 0.38 (C)
Vacancies — 0.75 (C)
Holes — 0.73 (C)
Ricote et al. [104,111] BZY20 Protons — 0.56 (C)
Holes — 1.14 (C)
Sanders [16] BZY20 Protons 1.55 × 10−4 0.59
Holes 1.05 × 10−2 (L) 1.01 (L)
(C): Conductivity Value (L): Likely Value
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CHAPTER 2
DEVELOPMENT OF A MULTI-SPECIES TRANSPORT SPACE THEORY AND
ITS APPLICATION TO PERMEATION BEHAVIOR IN
PROTON-CONDUCTING DOPED PEROVSKITES
A paper published in The Journal of Materials Chemistry1
Michael D. Sanders and Ryan P. O’Hayre2
2.1 Abstract
This paper examines the multi-species (simultaneous proton, oxygen vacancy, and elec-
tron/electron hole) transport behavior of proton conducting oxides. Multi-species transport be-
havior broadens both the realm of applications and also the potential challenges for the technical
use of these perovskite materials in devices such as fuel cells, separation membranes, and mem-
brane reactors. In order to better understand the interplay between the various transporting species
and their impact on macroscale conduction and permeation processes, a new conceptualization of
multi-species transport is proposed. A general theoretical description of multi-species transport
is presented in a graphical manner that is similar to a ternary phase diagram. When combined
with data gathered from water isotope permeation experiments, we show that it is possible to spec-
ify the relative contributions from each mobile defect species in a yttria-doped barium zirconate
multi-species perovskite transport membrane system under a variety of experimental conditions.
This approach provides a unique method to obtain and analyze transport behavior on the basis of
transference numbers, thereby providing information which is often difficult to determine by other
means.
2.2 Introduction
Proton conducting ceramics have been of great scientific interest since their initial develop-
ment nearly 30 years ago [1]. In that time, the ABO3 perovskite family of materials has shown
particularly significant promise and has thus been the subject of intense research. Nevertheless,
gaps in the scientific understanding of these materials have hampered their deployment in technical
applications such as intermediate-temperature fuel cells. One of the more interesting and yet un-
derstudied characteristics of these ceramics is their propensity to exhibit multi-species conduction
behavior—specifically the simultaneous occurrence of protonic and oxygen vacancy conduction in
1Reprinted with permission of The Royal Society of Chemistry [15]
2Colorado School of Mines, 1500 Illinois St, Golden, CO USA.
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addition to electronic (electron or hole) conductivity. An often overlooked extension of this multi-
species transport is the prediction of steam permeation; the chemical transport of water across a
fully dense perovskite membrane.
Multi-species conduction broadens both the realm of potential applications and also the
potential challenges for the technical use of these perovskite materials. Applications that could
harness these multi-species conduction effects include sensors, hydrogen and oxygen separation
membranes [88,117], membrane reactors [117,118], and the chemical permeation of steam [9]. At the
same time, however, multi-species ionic transport can also introduce limitations to the use of these
perovskite materials as electrolytes in high-drain electrochemical devices such as fuel cells [3,5,119],
an area where they are currently seeing significant application. Some of the implications of multi-
species participation on conduction and hydration behavior have recently been examined by Han-Ill
Yoo and colleagues [90,91].
The majority of the research performed to-date on proton conducting ceramic materials ex-
hibits two common traits. Firstly, because the proton conducting aspect of these materials has
been of primary interest, proton conductivity has been intensely investigated while the potential
oxygen ion and electrical conductivity of these materials has sometimes been neglected. Secondly,
transport studies have been conducted almost exclusively using conductivity measurements. The
research presented here breaks from both of these trends. First, this paper presents a new con-
ceptual framework which is designed to explicitly capture the multi-species transport behavior
of these materials. Secondly, this paper employs experimental permeation measurements, rather
than conductivity measurements, to explore the multi-species transport behavior of these materials
systems in new ways. Unlike conductivity measurements, permeation experiments do not require
the charge compensation or electric driving force supplied by electrodes. Permeation is electrode-
less and therefore charge balance must be conserved internally during transport. This requirement
necessitates multi-species transport coupling and accentuates minority carrier species, whereas con-
ductivity measurements accentuate the majority carrier species. A further important feature of this
permeation approach is that the various ionic transport species of interest in the system (namely
O2− and H+) can be studied directly and separately using isotopically labeled tracers (such as 18O
and 2H).
2.3 Theory
2.3.1 Multi-Species Permeation Transport Model
Because conductivity is the most frequently measured transport property in ionic and mixed
ionic-electronic systems, most transport models are based on the assumption that an external elec-
trical potential drives transport. Considerably fewer multi-species transport models have considered
permeation. In contrast to conduction, transport in permeation membranes is driven by gradients
in chemical potential rather than external electrical potential. Furthermore, because charge com-
35
pensation through external electrical conduction is absent in an electrode-free permeation cell, the
additional constraint of constant electroneutrality is imposed on the transport system. This elec-
troneutrality constraint enforces coupling between moving species (since, for example, the motion
of one charged species through the membrane must now be offset by the countermotion of a second
charged species so as to maintain local electroneutrality everywhere). This constraint magnifies the
influence of minority carrier species and greatly restricts the possible transport scenarios available
to a permeation experiment compared to a conduction experiment.
Although any model of multi-species ionic transport in perovskite systems could consider as
many as four mobile species simultaneously (electrons, holes, protons, and oxygen ions/vacancies),
in practice only three mobile defects at maximum will be important at any given time. This is due
to the recombination of electrons and holes, which means that only one electronic species (either
electrons or holes) will contribute to transport under a given condition. In oxidizing conditions,
holes will be the dominant electronic defect species, while in reducing conditions electrons will be the
dominant electronic defect species. This division enables the separation of multi-species permeation
transport in perovskites into two tripolar transport cases: a case where protons, oxygen vacancies,
and holes are present and a case where protons, oxygen vacancies, and electrons are present.
Both cases have been formally treated previously by Virkar [85], but will be reviewed here for
completeness and to help build the foundation upon which our new model is constructed. Virkar’s
first case (protons, oxygen vacancies, and holes) is most relevant to the conditions of experimental
interest examined in this paper, although both cases will be revisited later. Under the case of
oxidizing conditions (pH2O, pO2  pH2), multi-species transport of protons, oxygen vacancies, and
holes leads to the possibility that both water and oxygen can simultaneously permeate through a
representative membrane, with the corresponding chemical flux expressions (jH2O and jO2) given





























































where Cj is the concentration of defect species j, Bj is that defect’s mobility, and µi is the chemical
potential gradient of chemical species i. A critical assumption of Virkar’s derivation is that the
flux of pure hydrogen across the membrane under oxidizing conditions is zero (jH2 = 0). In other
words, any transport of protons across the membrane under oxidizing conditions will involve the
production/consumption of H2O rather than H2 on the two sides of the membrane. This is a
reasonable assumption given the thermodynamic equilibrium between H2O, O2, and H2, which
under oxidizing conditions strongly favors H2O over H2. The most important outcome of the above
expressions is that the flux of each chemical species is dependent on the gradients of BOTH species.
This constraint has important consequences, one of which is that under most operating conditions,
knowledge of both the oxygen and water gradients across the membrane are needed to determine
the overall transport behavior.
2.3.2 Permeation Transport Limiting Cases
Under certain situations, the multi-species transport equations introduced above can be sim-
plified. In particular, simplification is possible under three limiting cases when only two of the
three possible defects contribute to transport (“bipolar” transport). The three limiting cases are:
a first case where transport is dominated by protons and oxygen ions, a second case where trans-
port is dominated by protons and holes; and a final limiting case where transport is dominated by
oxygen ions and holes. In Appendix A, one of these simplifying cases is treated in detail under the
assumption of oxidizing conditions (producing an analogous set of limiting cases under reducing
conditions can be achieved with only minor differences). The principle results of this treatment are
presented in Figure 2.1.
As shown in Figure 2.1(a), bipolar transport of protons and oxygen ions (Case Ia) is the
fundamental basis of steam permeation. The chemical transport of steam may be described by the
flux equation indicated on the diagram. As discussed in the appendix, this flux equation can be





where ji is the flux of chemical species i, D̃i is the effective chemical diffusivity of i, and dCi/dx
is the concentration gradient of i. This approach enables the extraction of an effective chemical
diffusivity for steam transport across the membrane, D̃H2O, due to the bipolar diffusion of protons
and oxygen vacancies. Those familiar with perovskites will undoubtedly recognize this expression
for Case Ia as the effective chemical diffusivity of steam proposed by Kreuer [26, 120], along with
his description of the equilibrium concentration of protons within the system, known as the Degree
of Hydration.
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Figure 2.1 Simplifications of full multi-species transport equations for the three bipolar limiting
cases.
Case Ib, the bipolar transport of protons and holes, is illustrated in Figure 2.1(b). This case
represents the fundamental basis for a hydrogen transport membrane, since only protons and holes
are transported. Fick’s First Law simplification of the flux equation for this situation enables the
extraction of an effective chemical diffusivity for hydrogen, D̃H2 , which depends on the diffusivity
of both the protons and holes as well as the relative concentrations of protons versus holes. In
analogy to the degree of hydration factor used for Case Ia, the relative concentration of protons
versus holes may be described by a “degree of protonation” factor, X′. While Case Ib in essence
represents a pure hydrogen transport membrane, under oxidizing conditions any protons crossing
the membrane will immediately react with the oxygen present, resulting in the appearance of water
(rather than molecular hydrogen) moving across the membrane. As is reflected in the defect reaction
accompanying Figure 2.1(b), this also causes an “apparent” flux of oxygen across the membrane in
the opposite direction, since oxygen is consumed where steam is produced, and oxygen is produced
where steam is consumed. Thus, under oxidizing conditions, Case Ib results in “apparent” fluxes
of both oxygen and water moving in opposite directions across the membrane, with the apparent
molar flux of oxygen exactly half that of the water flux.
Case Ic, the bipolar transport of oxygen vacancies and holes, is illustrated in Figure 2.1(c).
This situation is favored under extremely oxidizing and dry high-temperature conditions and rep-
resents the fundamental basis for an oxygen transport membrane. In analogy to the previous cases,
Fick’s First Law simplification of the flux equation for this situation enables the extraction of an
effective chemical diffusivity for oxygen, D̃O2 , that depends on the diffusivity of both the oxygen
ions and holes as well as the relative concentrations of oxygen vacancies versus holes. In analogy to
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Figure 2.2 Schematic of a graphical representation of all possible multispecies transport possi-
bilities in oxidizing conditions.
the degree of hydration and degree of protonation factors used previously, the relative concentration
of oxygen vacancies versus holes may be described by a “degree of oxygenation” factor, X′′.
It is important to note that for each limiting bipolar diffusion case discussed above, the ef-
fective chemical diffusivity depends on both defect species present, one of which is typically the
majority transport carrier, and the second of which is typically the minority species. The over-
all effective chemical diffusivity measured during a permeation experiment therefore represents a
blending of these two defect species in a way which accentuates the influence of the minority species.
For instance, the chemical diffusivity of H2O in the limit of full hydration (where protons are dom-
inant and oxygen vacancies are rare), depends only on the diffusivity of the oxygen vacancies. This
is in direct contrast to the situation in a conductivity experiment, where the overall conductivity
is determined by the summation of the individual partial conductivities of each mobile charged
species14.
2.3.3 Multi-Species Transport Space Diagram
In a system consisting of three possible point defects, the full range of all possible tripolar
transport scenarios, including each of the three two-species limiting cases discussed above, can be
captured using a ternary transport diagram, as illustrated in Figure 2.2. The basic idea for this
ternary transport diagram representation was first presented by Bonanos in a European Science
Foundation presentation in 2007 [119]. Bonanos introduced this diagram in the context of mixed-
conducting fuel cells; however, in the discussion that follows, we will significantly expand this
representation and use it to explore the differences between conduction and permeation in these
multi-species systems.
The ternary transport diagram illustrated in Figure 2.2 presents the full range of multi-species
transport scenarios which are possible in a tri-species proton, oxygen ion, and hole conductor. This
diagram is applicable to the typical protonic perovskite system under oxidizing conditions, where
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protons, oxygen ions, and holes are the three major mobile defect species. The diagram delineates
all possible combinations of transference number for each of the three mobile species. Examining
Figure 2.2 in this context, the three vertices of the triangle represent the limiting cases where only
a single species (either protons, oxygen ions, or holes) contributes to transport, while the edges of
the triangle represent the range of possible two-species transport scenarios, and the interior of the
triangle represents the range of possible three-species transport scenarios.
Conduction imposes no fundamental constraints on multi-species transport, and therefore in
a conduction process, any region of this ternary transport diagram is theoretically accessible. This
is not true for permeation, however. The additional internal electroneutrality constraint imposed by
permeative transport means that only certain multi-species transport combinations are permitted
in order to maintain charge balance.
The specific combinations of multi-species transport that are permitted in a permeation
process can be described by one of three sets of linear equations. The first equation in all sets is




+ tV••O = 1 (2.4)
while a second equation is necessary to impart the electroneutrality restriction and is dependent on
the direction of the three defect species. Electroneutrality relationships, written in terms of fluxes
jOH•O − jh•O − 2jV••O = 0 (2.5)
−jOH•O + jh•O − 2jV••O = 0 (2.6)
−jOH•O − jh•O + 2jV••O = 0 (2.7)
impart the necessary directionality (taking left to right as positive) and charge sign (there are six
actual permutations, however, the other three are degenerate inverses of Equations (2.5)-(2.7)). For
simplicity, an alternate, but equivalent, definition for transference numbers based on fluxes rather





where tj is the transference number for defect species j, zj is the charge of defect species j, and jj
is the molar flux of defect species j. The absolute values of the quantities must be used in order
to make the definition consistent with the traditional definition of transference numbers which lack
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indications of charge type and directionality. Replacing the fluxes in Equations (2.5)-(2.7) with
transference numbers produces the following independent electroneutrality relationships
tOH•O − th•O − tV••O = 0 (2.9)
−tOH•O + th•O − tV••O = 0 (2.10)
−tOH•O − th•O + tV••O = 0 (2.11)
These allowable combinations manifest on the diagram as a set of three “tie-lines” which
bisect the ternary diagram as shown in Figure 2.3(a).
The tie-lines shown in Figure 2.3(a) terminate on the edges of the diagram at three distinct
points. These three points represent the three limiting binary-species (bipolar) permeation cases
(Cases Ia, Ib, and Ic) previously delineated. Thus, point “a” on the diagram represents the limiting
case of bipolar proton and oxygen ion permeation. As we have previously discussed, this limiting
case is associated with pure steam transport across the membrane, as governed by the indicated
equation on the diagram. Point “b” on the diagram represents the limiting case of bipolar proton
and hole permeation, which leads to pure hydrogen transport across the membrane (although as
we have previously discussed, in an oxidizing environment this instead leads to an apparent flux
of H2O in one direction across the membrane and an apparent flux of O2 in the opposite direction
that is half as large). Finally, point “c” on the diagram represents the limiting case of bipolar
oxygen ion and hole permeation, which leads to pure oxygen transport across the membrane.
The three tie-lines connecting these three limiting cases delineate the possible tri-polar per-
meation processes which also satisfy internal charge balance. The permeation behavior along a
particular tie-line can be interpreted as a “blending” of the behavior of the two limiting cases that
bound that tie-line. Thus, for example, along the tie-line connecting points “a” and “b”, H2O
and O2 transport across the membrane in opposite directions, but in moving from “b” to “a”,
the relative amount of O2 compared to H2O crossing the membrane decreases continuously until at
point “a” only H2O crosses the membrane. Along the tie-line between points “a” and “c”, O2 again
begins to transport across the membrane, but now in the same direction as H2O. Moving from
“a” towards “c”, the relative amount of O2 compared to H2O crossing the membrane continuously
increases until at point “c” only O2 crosses the membrane. The third tie-line requires one of the
two terminating reactions (“b” or “c”) to operate in the reverse direction. This can therefore be
described as the “b− c” tie-line. Moving from point “b” towards “c”, the water transport in the
positive direction slowly diminishes while the “apparent” counter-flux of oxygen is slowly replaced
by a real flux of oxygen until at point “c” only O2 crosses the membrane. A “blending ratio” can
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Figure 2.3 Schematics of a graphical representation of the permeation possibilities within the
Multi-Species Transport Space. The red dots correspond to the three two-species
simplifications. All other three species permeation must occur along the three tie-
lines between these points. (a) represents the transport under oxidizing conditions
and (b) represents reducing conditions. (c) gives the relationship between the two
conditions and represents the full transport space.
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be used to describe the contributions of the two limiting cases to the overall flux. The “lever rule”
used in phase diagrams can be used to find this ratio, R.
It should be noted that the entire tri-species transport diagram provided by Figures 2.2
and 2.3(a) reflects the transport situation under oxidizing conditions only, when protons, oxygen
vacancies, and holes are the three major transport species defects. A mirrored triangle can therefore
be added to this transport space which reflects the situation under reducing conditions (i.e, in the
presence of hydrogen gas), where protons, oxygen vacancies, and electrons form the three major
transport species defects. This situation is shown in Figure 2.3(b). In this case, the electron hole
vertex is replaced by an electron vertex.
The oxidizing conditions diagram provided in Figure 2.3(a) and the reducing conditions
diagram provided in Figure 2.3(b) can be joined together to create a comprehensive diagram which
summarizes the various conduction and permeation processes available under all conditions. In
order to link these two diagrams, it is necessary to add another region bridging the two transport
triangles which captures scenarios where one side of the membrane is exposed to oxidizing conditions
while the other side of the membrane is exposed to reducing conditions. We term this region the
“Fuel Cell Region,” as it reflects the conditions which are present in a fuel cell (one side oxidizing,
one side reducing). The resulting comprehensive diagram, shown in Figure 2.3(c) thus captures the
complete transport space, including the three-dimensional region of combined oxidizing/reducing
conditions.
We will focus brief attention on the two-dimensional co-ionic (proton/oxygen ion) “side”
of this composite diagram. Several interesting features are apparent. First, as illustrated in the
diagram, the classical protonic ceramic fuel cell (PCFC) is obtained when a pure proton conductor
(which would lay on the tOH•O = 1 vertex/edge) is subjected to fuel cell conditions. At the other
extreme, the classical solid-oxide fuel cell (SOFC) is obtained when a pure oxygen ion conductor
(the tV••O = 1 vertex/edge) is employed. Under “fuel cell conditions,” the only possibility for
permeative transport involving only protons and oxygen ions (no electronic defects) is the pure
co-ionic conduction of protons and oxygen ions. In this case, the protons are transported from
the reducing (hydrogen rich) side of the membrane to the oxidizing (oxygen rich) side of the
membrane, where they react with oxygen to produce water and oxygen ions. Oxygen ions are
simultaneously transported from the oxidizing side of the membrane to the reducing side of the
membrane, where they react with hydrogen to produce water and protons. The net effect is thus
the effective combustion of hydrogen and oxygen to produce water on both sides of the membrane,
mediated by the co-ionic transport of protons and oxygen ions in opposite directions. We term this
process “co-ionic combustion.” Importantly, perfect co-ionic permeation of protons and oxygen
ions would be unsuitable for fuel cell applications, leading to an open circuit voltage (OCV) of
zero due to the effective internal shorting due to the equal and opposite charge flow of protons
and oxygen ions across the membrane (despite the fact that this material would still be a perfect
electronic insulator!). In fact, any electrolyte material exhibiting a mixture of both proton and
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oxygen ion transport will suffer from a reduction in OCV. The OCV for a fuel cell made from a
co-ionic conducting material would decrease from the theoretical Nernst voltage at the tOH•O = 1
limit to zero at the co-ionic permeation limit (tOH•O = 0.5) before increasing again back to the
full Nernst voltage at the tV••O = 1 limit. Thus, a material which is substantially an oxygen ion
conductor but has a small amount of proton conductivity will still function as a fuel cell electrolyte
but will necessarily show a reduction in OCV. The expected reduction in OCV can be calculated
using the lever rule, given knowledge about the location of the candidate material along the co-ionic
edge of the transport diagram. Similar analyses may be applied to the “oxygen transport” (mixed
oxygen-ion/electronic defect) and “hydrogen transport” (mixed proton/electronic defect) sides of
the diagram, taking into account electron-hole recombination. Analyses of the full four-species




In order to experimentally explore and verify the transport theories described in the previous
section, an experimental test-bed was designed to study both steady state and transient trans-
port of water and isotopically labeled water species through a tubular permeation membrane. A
schematic of the setup is shown in Figure 2.4. The H2O/D2O/H2
18O is introduced to the “wet” side
of the membrane by flowing ultra-high purity (UHP) carrier gasses or air through temperature-
controlled, insulated stainless steel bubblers and monitored using a humidity/dew point sensor
(Omega CNITH-I8DH43-5-C4EI). UHP gas is dried with a water-trap (Agilent Glass Indicating
Moisture Trap GMT4HP) for use on the “dry” side of the membrane. The exit composition is
recorded with an atmospheric sampling mass spectrometer (MKS CirrusBenchtop Atmospheric
RGA System). Multi-gas, multi-composition calibrations are performed using MKS-provided soft-
ware specifically for multi-point calibrations and the corrections are made automatically during
data collection. The flow rates of both carrier gases are controlled with rotameters (Cole-Parmer
150-mm Correlated Flowmeters with High-Resolution Valves). All gas and sampling lines are heated
using heater rope (Omegaluxr FGR Series) with a 120V variable voltage controller and insulated
with flexible woven silica fabric. Line temperatures are kept above 60 ◦C to avoid condensation; the
temperature can be increased for higher water partial pressures, up to at least 110 ◦C. The isotope
water bubbler is filled with one of a variety of isotope mixtures, either D2O (99.9% purity), 9 parts
D2O (99.9% purity) and 1 part H2
18O (10% purity), 1 part H2O and 1 part H2
18O (10% purity),
or H2
18O (99.9% purity). The use of different carrier gases for each side of the membrane allows
for additional monitoring of leaks in the high-temperature seals.
Measurements from the mass spectrometer are made as absolute pressures (Pi Torr). Some
simple operations are necessary to convert this data into a more usable form, either partial pressures
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Figure 2.4 A schematic of the steam permeation measurement test-bed.
(pi Torr/Torr) or, more importantly, molar flow rates (ni mol s
−1. To determine partial pressure,
the absolute measurement for each mass is divided by a sum of all the absolute measurements
for that sweep. These partial pressures are then multiplied by the molar flow rate of the carrier
gas to produce molar flow rates for the individual masses. For permeating species, division by
the active surface area of the membrane enables further conversion to the more general molar flux
(ji mol cm
−2 s−1).
2.4.2 Membrane tube production
For these permeation experiments, yttrium-doped barium zirconate (BaZr0.8Y0.2O3−α or
BZY20) was chosen, based on its good ionic conductivity and high chemical stability in water
environments [5], which for these experiments, sometimes days in duration, is extremely impor-
tant. BZY20 tubes were extruded as raw components and sintered using the SSRS process [31].
0.4% NiO by weight was added, which is approximately 1.5 mole percent. The tubes reached a
final density of 99% of the theoretical density with grain sizes of 1 µm to 4 µm. The final diameter
was 6 mm with a wall thickness of 1 mm. The high density and large grain size obtained for these
tubes was an important and highly desirable outcome, as it helps to reduce unwanted influences on
the transport behavior from porosity and/or grain boundaries.
2.5 Results and Discussion
One of the most important predictions of multi-species transport theory in perovskite mate-
rials is that steam permeation should be observed under oxidizing conditions except for membranes
operated at point “c” in the transport space diagram. Despite the fact that steam permeation
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should be a widespread feature of these materials, however, the phenomenon has rarely been ex-
plicitly explored either theoretically or experimentally. Besides the pioneering theoretical work of
Kreuer and Maier [26, 79], few have developed theory directly concerning multi-species diffusion
leading to the chemical permeation of steam in perovskites [85, 100] and only a handful of experi-
mental explorations have taken steam permeation into account [3, 6, 121]. Recent work by Han Ill
Yoo and colleagues [90,91] has implicated multi-species transport to explain the unusual hydration
and conduction dynamics observed in these materials upon exposure to step changes in water or
oxygen, although these contributions did not consider steady-state steam permeation.
2.5.1 Isotope exchange experiment
While there is some prior experimental evidence substantiating the phenomenon of steam
permeation in barium cerate ceramics [121], the phenomenon has never been experimentally quan-
tified in barium zirconate ceramics. Furthermore, these earlier experiments subjected one side of
the permeation membrane to vacuum conditions, reflecting an unrealistic operating condition and
making quantification difficult. Therefore in this study an atmospheric isotope exchange perme-
ation experiment was developed in order to demonstrate steam permeation in barium zirconate
under realistic conditions. In this experiment, a BZY20 permeation membrane tube was first al-
lowed to equilibrate with a H2O/Ar mixture on the “wet” (feed) side of the membrane and dry Ar
on the “dry” (permeate) side of the membrane. Then, at a specific time (t = 0), the H2O on the
feed side of the membrane was switched to D2O and the mass spectrometer was used to monitor the
time-resolved appearance of the isotopically labeled deuterated species as they gradually permeated
across the BZY membrane. Figure 2.5 graphically shows the resulting slow replacement of hydrogen
by deuterium as the membrane, which was initially filled with permeating steam, incorporated the
newly introduced D2O. Due to the relatively slow rate at which isotope species appeared on the
“dry” side compared to the rapid speed in which the water was exchanged out of the system on the
“wet” side, this response was ascribed to true solid state steam permeation rather than leakage. In
contrast, a control experiment using an alumina tube as a substitute for the BZY20 tube showed
only a weak water signal. Alumina is not thought to be permeable by water, so any D2O signal
present on the permeate side of the alumina tube could be attributed to steam leaking through the
glass seals. Even at 1000 ◦C, the heavy water signal was at or below the detection limit of the mass
spectrometer, confirming active permeation through the BZY20 as the source of the elevated water
signals and that leakage was not a significant contributor to the flux measurements.
The above interpretation of the isotope exchange experiment as steam-permeation requires
the assumption that some or all of the water generated is due to bipolar diffusion of protons and
oxygen ions. It is also possible to deduce that only protons are moving across the membrane
(counterbalanced by holes), which then combine with available oxygen on the “dry” side of the
membrane to generate the water signal measured. Experiments of the type above are unable
to unequivocally determine which mechanism, or mechanisms, is operating. Isotopically labeled
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Figure 2.5 D2O Exchange of Steam Permeable Membrane at 1000
◦C and 750 ◦C. The H2O to
D2O switch was made at t=0. The gray curves represent those signals attributable
to water for each experiment, the blue to those attributable to heavy water. The
lower set of lines is the measured signals from the 1000 ◦C alumina tube control
experiment.
oxygen time-lag experiments can provide the necessary evidence, however due to problems with
the time-lag of measuring significant 18O ions moving through an oxide in-situ, such tests prove
challenging to interpret. Therefore an additional experimental technique based on global system
mass-balance was developed to provide the necessary evidence.
2.5.2 Mass balance studies
As just discussed, the simple isotope exchange experiment described above provided evidence
for steam permeation but did not permit full quantification of the mechanism (or mechanisms)
involved, and in particular did not permit quantification of the simultaneous permeation of oxygen,
which is also predicted in these systems under most oxidizing conditions except at point “a” in the
transport space diagram. In order to track both steam and oxygen permeation fluxes simultaneously
and thus establish the full nature of the permeation mechanism, careful steady-state mass-balance
studies were therefore performed on the permeation system under a variety of operating conditions.
These mass-balance studies were achieved by simultaneous monitoring of the four inlets and outlets
of the system under steady-state permeation conditions with the signals of all masses of interest
being recorded. This process provided detailed bookkeeping of all the species and their evolution
after passing across (or through) the active area of the permeation membrane.
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Figure 2.6 Illustration of the mass balance results for all three reported experiments.
The information provided by these mass balance studies enabled direct mapping of the perme-
ation system behavior onto a specific point of the transport space diagram for each set of operating
conditions measured, using nothing more than the experimentally measured permeation fluxes for
water and oxygen. This provided an opportunity to directly relate experimentally observed perme-
ation transport behavior to multi-species transport theory. The relevant data could eventually be
distilled into a simple graphical format which visually summarizes the transport/exchange of the
pertinent chemical species during steady state permeation at a given set of operating conditions.
Three representative experiments will be detailed here. For the first experiment, the analysis
will be explained in more detail, with the other experiments following the same methods.
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2.5.2.1 Experiment (a): 1000 ◦C - Helium with H2
18O/Argon
In this first mass-balance experiment, H2
18O steam (with helium as the carrier gas) was
introduced into the feed side of a tubular BZY20 permeation membrane operating at 1000 ◦C. The
permeate side of the membrane was provisioned with a dry (desiccated) argon carrier sweep gas.
Figure 2.6(a) illustrates the results of the steady state mass-balance analysis for this experi-
ment. The flux measurements for water and oxygen (0.493 and −0.12 nmol cm−2 s−1 respectively)
are direct evidence that steam-permeation is in fact occurring, and mostly by a co-ionic pro-
ton/oxygen vacancy mechanism, since the amount of oxygen that is consumed cannot remotely
account for all of the water flux that is observed. Both protons and vacancies must therefore be
transporting across the membrane in addition to a small contribution from holes. It is possible to
calculate the transference numbers of all three defect species from the measured permeation fluxes
of H2O and O2, since the relationship between the various species is constrained such that the
system must lie on one of the tie-lines and must also produce the measured permeating chemical
fluxes (jH2O and jO2). By employing the following set of equations, the defect fluxes, complete with
direction, may be calculated from the measured chemical permeation fluxes of H2O and O2
jOH•O = 2jH2O (2.12)
jh• = 4jO2 (2.13)
jV••O = −(jH2O + 2jO2) (2.14)
These defect fluxes can then be used to calculate the transference numbers and thereby
specify the operating point of the system in the transport space diagram. Once the transference
numbers have been found, the “blending ratio,” R, can also be determined, enabling the system’s
overall transport behavior to be interpreted in terms of a mixture of the bounding bipolar transport
mechanisms. It is also possible to quickly ascertain which tie-line a given permeation experiment
falls on using simple inspection. If the steam and oxygen fluxes are in opposite directions and the
steam to oxygen ratio is greater than 2, the system must be operating on the “a + b” tie-line, while
for ratios smaller than 2, the system is operating on the “b− c” tie line. Finally, if the steam
and oxygen fluxes are in the same direction, then the system must be operating somewhere on the
“a + c” tie-line.
An important result from the mass balance experiment in Figure 2.6(a) is the evidence of
oxygen generation on the “wet” side and oxygen consumption on the “dry” side of the membrane.
Although the oxygen flux is small, this is direct evidence that under the operating conditions of
this experiment, holes are also participating in transport, and that permeation is occurring along
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the “a + b” tie-line. In fact, using the technique discussed above we are able to specify precisely
where this experiment is operating on the transport space diagram. As shown in Figure 2.6(a), in
this experiment steam permeation is attributable to both the bipolar proton/oxygen ion diffusion
(mechanism “a”) as well as the bipolar proton/hole diffusion (mechanism “b”), although the bulk
(∼95%) of the steam permeation is due to mechanism “a”. Thus, the operating conditions in this
particular experiment lead to permeation behavior close to the co-ionic (bipolar proton/oxygen-ion)
limit, and holes have only a very minor, although still measurable, effect on transport.
2.5.2.2 Experiment (b): 750 ◦C - Helium with 5% H2
18O/Argon
In this second experiment, 5% H2
18O steam (with helium as the carrier gas) was introduced
into the feed side of a tubular BZY20 permeation membrane operating at 750 ◦C. The permeate
side of the membrane was again provisioned with a dry (desiccated) argon carrier sweep gas.
The results are summarized in Figure 2.6(b). Unlike the situation in Experiment (a), in this
experiment the holes contribute more than the vacancies to the overall transport balance. The
decreased operating temperature in this experiment significantly reduces both the concentration
and mobility of oxygen vacancies, thereby favoring the participation of holes. This increase in hole
participation is a clear indication that permeation operates farther up the “a + b” tie-line under
these experimental conditions, as confirmed by Figure 2.6(b) (exact location established using the
same procedure described previously for Experiment (a)). With approximately a 30%/70% split
between mechanism “a” and mechanism “b” transport, a description of permeation behavior in
this system clearly involves both Case Ia and Case Ib bipolar transport models.
2.5.2.3 Experiment (c): 750 ◦C - Argon with D2O/Air
In Experiment (c) the effect of higher permeate-side oxygen partial pressures on the flux and
the position within the transport space was explored. Still at 750 ◦C, D2O saturated argon gas was
used this time on the “wet” (feed) side while dry (desiccated) air was fed to permeate side of the
membrane.
The results are summarized in Figure 2.6(c). The higher oxygen pressure further increases
the role of holes, and so under these conditions it is observed that holes and protons participate
almost exclusively in transport, while oxygen vacancies have a very limited role. Additionally, the
complementary driving force due to the large oxygen partial pressure gradient across the membrane
and the high mobility of holes as compared to oxygen vacancies has led to a five-fold increase
in steam flux, as compared to Experiment (b). As shown in Figure 2.6(c), this experiment is
determined to be operating close to position “b” on the transport space diagram, although slightly
onto the “b− c” tie line, corresponding to nearly pure bipolar proton/hole permeation with a very
slight contribution from oxygen vacancies. This is also the first evidence that permeation behavior
associated with the “b− c” tie-line is achievable under typical experimental conditions.
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Figure 2.7 Although the feasibility is not yet known, it may be possible to take conductivity
measurements at two different atmospheres (a) and (b), and predict the resulting
permeation behavior, (c), of a permeation membrane separating the two environ-
ments.
The experimental conditions explored here are merely a small sliver of the possible com-
binations achievable using the permeation test-bed. Testing is on-going, with the future intent
of achieving permeation conditions along the “a + c” tie-line and the mapping of entire tie-lines.
These efforts should enable the ability to predict permeation results based on the experimental
conditions.
2.5.3 Unification of Conductivity and Permeation
A larger question remains; is there a relationship between measurements of conductivity
and permeation? Or to be more precise, is there a way to predict the location of a permeation
experiment on the transport space diagram based on simple conductivity measurements? One of
the ultimate goals of the transport space theory is to take the results of conductivity measurements
at two different atmospheres, as shown in Figure 2.7(a) and (b), and determine the permeation
system behavior that would result if those two atmospheres were imposed on opposite sides of a
permeation membrane, seen as (c).
2.6 Conclusions
For perovskites, such as BZY20, multi-species transport is a significant factor and it is there-
fore critical to understand the role that minority defects may play under a wide variety of possible
conditions. The transport space theory presented in this paper will help researchers make deter-
minations about the conditions that may result in significant contributions from minority carrier
species and/or require the use of multi-species modeling approaches. Such information may prove
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invaluable when trying to make determinations of the majority carrier defect or the source of para-
sitic OCV losses when considering these materials for fuel cell electrolytes or other electrochemical
applications.
Permeation experiments using isotope tracing are an interesting and vital tool to investigate
multi-species transport because they accentuate the role of minority species while still providing a
way to track the majority species. The results from these experiments can be directly translated
onto the transport space diagram, producing an avenue for intuitive interpretation of transport
behavior and a direct determination of transference numbers.
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2.A Appendix A
The process used below to find the transport equations for the hole/proton limiting case is
similar to that for the other two cases. The hole/proton case was selected for a detailed derivation
since, unlike the well known proton/vacancy case, it is not found elsewhere in the literature.
Because oxygen vacancy diffusivity is often orders of magnitude lower than both proton and
hole diffusivity, transport will frequently be dominated by protons and holes rather than protons
and oxygen vacancies. Under oxidizing conditions, this scenario results in the transport of H2O
across the membrane in one direction and the “apparent” transport of O2 across the membrane
in opposite direction. Figure2.1(b) shows this case schematically, along with the relevant reaction.
For this case, COH•OBOH
•
O
, Ch•Bh•  CV••O BV••O which simplifies the flux relationship previously



























































The chemical potential gradient of the lattice oxygen has been ignored, based on the low con-
centration of oxygen lattice defects compared to the oxygen lattice. Assuming ideal dilute defect


































































Assuming that since there is no concentration gradient for oxygen vacancies and charge electroneu-












At this point, it is helpful to introduce a new quantity, the Degree of Protonation. Much like
the Degree of Hydration, the Degree of Protonation is a ratio of the protonic defects versus the



















which is analogous to the Case Ia result (although involving protons and holes instead of protons
and oxygen vacancies), and has similar behavior. For low degrees of protonation, X′ → 0, the
effective flux of water becomes dependent only on the protonic diffusivity. On the other hand, as
X′ → 1, the hole diffusivity becomes rate limiting.
It is important to note that in this case, the prefactor in Equation (2.24) cannot be construed
as the effective chemical diffusivity of water. Since the water flux in this case is expressed in terms
of a gradient in a charged defect species (rather than water), the equation does not directly follow
Fick’s First Law. It is however, possible to slightly alter Equation (2.24) to yield an alternative









Perhaps the biggest challenge associated with the mass balance experiments presented is
interpreting the mass spectrometer data. Due to ionization fragmentation, many of the molecular
species (e.g., H2O, D2O, and H2
18O) analyzed in these experiments yield two or three distinct mass
signals, and there is often duplicity in the mass of the molecules and of various fragments (e.g.,
H2O and DO
− both have a mass of 18 u). Data interpretation is achieved by employing ionization
probabilities to calculate the ratios of the various fragments that can be attributed to a given
molecule. Those species that have fragments with unique masses (e.g., OH− at 17 u and H2
18O at
22 u) are then used to deconvolute the other overlapping mass signals to determine what fraction
of each signal is attributed to which species.
For cases where deconvolution is inefficient to determine a signal’s origin, isotope abundance
and probability is then taken into consideration. One example would be the masses of 18, 19, and
20 u, when the ratio of D to 18O is unknown in a H2O gas stream (typically if
18O containing
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species are not abundant enough to create a strong 21 or 22 u signal). Since both signals could be
attributed to D and 18O containing species, it is helpful to look at the probability of one species
to exist versus another. For the natural abundance of these isotopes it is far more likely to have
a H2
18O (0.205% natural abundance) molecule then either a D2O molecule or a
18OD− fragment,
which both require the very unlikely combination of two rare isotopes (probabilities of which are
(1.15× 10−4)2 and 1.15× 10−4 × 2.05× 10−3, respectively). Thus 20 u is essentially unique to
H2
18O. Then the ionization probability for 18OH− can be used to determine the contribution of
DOH to the 19 u signal.
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CHAPTER 3
COUPLED TRANSPORT AND UPHILL PERMEATION OF STEAM AND
OXYGEN IN A DENSE CERAMIC MEMBRANE
A paper published in The Journal of Membrane Science1
Michael D. Sanders and Ryan P. O’Hayre2
3.1 Abstract
Coupled transport membranes utilize the flux of one species to help drive the flux of another
species, in some cases even against its own chemical potential gradient. To date, however, coupled
transport membrane studies and applications have been almost exclusively confined to aqueous
or liquid membrane media. To alleviate the drawbacks to membranes using these materials, we
have developed a solid-state coupled transport membrane system based on a proton conducting
perovskite ceramic. Using coupled transport effects, this membrane is capable of simultaneously
transporting water and oxygen, including the uphill transport of either chemical species. This is
the first known example of a solid-state coupled transport membrane and is the first of any type
to operate at high temperatures. The unique features of this system open up the possibility of new
membrane separation applications, including air separation or natural gas reforming using waste
steam and heat streams.
3.2 Introduction
Coupled transport membranes utilize the flux of one species to help drive the flux of another
species, in some cases even against its own chemical potential gradient. These membrane processes
are exploited in both natural systems, (where, for example, they underpin cellular membrane sig-
nal transduction [122]) and in man-made systems, (where, for example, they have been applied
to a number of multi-component solvent or metal separations processes [123–126]). To date, how-
ever, coupled transport membrane studies and applications have been almost exclusively confined
to aqueous or liquid membrane media. While these systems have provided remarkable insights
and have enabled novel separations approaches, both scientific understanding and commercial ap-
plication have been limited because of the challenges associated with liquid membranes. These
challenges include instability of the membrane and/or the carrier chemistry. Here we demonstrate
for the first time a solid-state coupled transport membrane system based on a proton conducting
perovskite ceramic. Using coupled transport effects, this membrane is capable of simultaneously
1Reprinted with permission of Elsevier [17]
2Colorado School of Mines, 1500 Illinois St, Golden, CO USA.
56
transporting water and oxygen, including the uphill transport of either chemical species. This is
the first known example of a solid-state coupled transport membrane and is the first of any type to
operate at high temperatures. The unique features of this system alleviate many of the drawbacks
associated with liquid membranes and opens up the possibility of new membrane separation ap-
plications, including air separation or natural gas reforming using waste steam and heat streams,
as well as the ability to controllably “pump” or “gate” the permeation of select gas species using
conjugate chemical potential gradients.
Coupled mass transport in membrane systems is just one example among a wide variety of
coupled transport phenomena that include the Seebeck and Thompson effects (for thermoelectric
coupling) the Soret and Dufour effects (for heat/mass coupling) and the Saxen relations (for elec-
trokinetic phenomena), all of which can be compactly described by the theories of non-equilibrium
thermodynamics (NET) [123]. A central tenet of NET is that all fluxes in a system may be written
as linear relations involving all the forces acting on the system (linearity postulate). The linear
coupling of a flux to multiple driving forces leads to situations where this flux may be accelerated
by the action of multiple driving forces, or alternatively can be driven in the absence of, or even
counter to, its primary driving force if the other driving forces acting on that flux are sufficiently
large. The exposition and exploitation of these coupling effects in solid-state proton conducting
ceramics, as described in this paper, represents an expansion of coupled membrane transport into
a new and exciting materials space. This development is particularly important because of the
increasing recent attention focused on solid-state proton conducting ceramics for a wide variety of
electrochemical [3, 6, 12], gas permeation [100], membrane reformer, and sensor applications.
3.3 Theoretical Basis
Since the initial development of proton conducting ceramics nearly 30 years ago [1], ABO3
perovskite-type materials have been the subject of particularly intense research. While they have
been primarily examined for their proton conduction properties, an important characteristic of
these materials is their propensity to exhibit multi-species conduction behaviour-specifically the
simultaneous occurrence of protonic, oxygen vacancy, and electronic (electron or hole) conductiv-
ity. In fact, the coupled interaction of protons (OH•O) and oxygen vacancies (V
••
O ) underlies the
well-known Wagner hydration/dehydration process that regulates the proton conductivity of these








Protons so incorporated into the oxide as described by this reaction are stabilized by the electron
density of nearby oxygen ions and may be considered as effective hydroxide species, OH•O, although
their transport is exclusively conducted as protons (i.e., the associated oxygen anion does not
move). The subsequent movement of these protons via rotational diffusion and transfer between
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Figure 3.1 Schematic of ambipolar diffusion of protons and oxygen vacancies leading to the
permeation of water across a membrane.
neighbouring oxygen ions results in the significant protonic conductivity observed in these materi-
als. In addition to proton conductivity, however, appreciable oxygen vacancy conductivity can be
present. As has been discussed in a number of previous works [5,15,41,42,79,85,90,91,119,127,128],
the coupled transport of both protons and oxygen vacancies in such instances enables steady state
dissociation of water on one side of the membrane, transport of the constituent proton and oxygen
ions through the lattice, and the subsequent reverse recombination reaction at the other surface.
Such a process (as shown in Figure 3.1), results in the apparent steady-state transport of neutral
water species across the membrane, although the actual mass transport within the membrane is
accomplished by the separate movement of charged protons and oxygen ions (vacancies).
As an additional, although often overlooked complication, electron hole conductivity can
also be present in these materials (depending on the temperature and pO2 conditions). For exam-
ple, under oxidizing (high pO2) conditions, oxygen vacancies may be replaced by the dissociative





O ↔ O×O + 2h
• (3.2)
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Under these conditions, oxygen gas, rather than or in addition to water, can also be effectively
transported across the membrane.
As we will experimentally demonstrate in this paper, coupled multi-species transport in these
materials due to the simultaneous action of all three of these defect species (OH•O, V
••
O , and h
•) can
also lead to unusual uphill transport effects. Such effects are observed when these materials are
deployed as permeation membranes without electrodes to provide external charge compensation.
This “electrodeless” permeation membrane configuration represents a departure from the typical
way in which these proton conducting materials are used or studied. Usually, proton conducting
ceramics are studied using electrical measurement techniques (e.g., to measure conductivity) and are
applied in device applications like fuel cells or sensors where electrodes are used. Even when used for
permeation applications, e.g., as hydrogen separation membranes, they are typically deployed with
electrodes [88] or in a cermet form [84] (with a percolating metal phase) to provide electronic charge
compensation (although some work has been done with mixed ionic-electronic conduction [84,88]).
In an electrodeless permeation membrane configuration, the material must maintain both
local and global electroneutrality without the benefit of external charge compensation. This im-
parts a system constraint which couples the transport of the various defect species present in the
material (since, for example, the motion of one charged species through the membrane must now
be offset by the countermotion of a second charged species so as to maintain local electroneutrality
everywhere). And while this is similar to the behavior of mixed ionic and electronic conductors
(MIECs), in those materials the coupling does not allow for uphill transport. Building upon the the-
oretical work of Kreuer [5,79,127], Bonanaos [41,42,119,128], and Virkar [85], we have formulated
a nascent multi-species transport theory for permeation in proton conducting perovskites accom-
panied by experimental investigations using an electrodeless permeation membrane configuration
to explore its implications [15]. We have demonstrated that under typical oxidizing conditions, a
yttria-doped barium zirconate proton conducting ceramic membrane (BaZr0.8Y0.2O3−δ, or BZY20)
permits the high-temperature transport (permeation) of both steam and/or oxygen via coupled
ionic defect transport mechanisms. In fact, we have shown that it is possible to shift the perme-
ation transport regime from pure steam permeation to pure oxygen permeation, to a combination of
the two depending on the specific operating conditions (pO2 , pH2O, and T). As originally expressed
by Virkar [85], the magnitudes and directions of the steady-state permeating oxygen and steam
fluxes depend on the chemical potential gradients of both gases (∇µH2O, ∇µO2) as well as the



































































These expressions can be reduced to a short-hand notation by using Onsager coefficients as
substitutions for the transport coefficients, with 1 referring to H2O and 2 referring to O2 :
jH2O = −L11∇µH2O − L12∇µO2 (3.5)
and
jO2 = −L21∇µH2O − L22∇µO2 (3.6)
As is required of Onsager coefficients [60], the cross terms L12 and L21 are equal.
A profound consequence of these relationships, as anticipated by Virkar [85], lies in the fact
that the Onsager diagonal term coefficients (L11 and L22) are greater than zero but the cross term
coefficients (L12 and L21) are less than zero. This leads to the possibility that the flux of one of
the species can have the same sign as its gradient, indicating that a species can be transported up
its chemical potential gradient, from low to high. This happens, for example, in the case of water
transport if ∇µH2O is negative and ∇µO2 is also negative with |L11∇µH2O| < |L12∇µO2 | so that the
resulting flux is negative (or alternatively if both ∇µH2O and ∇µO2 are positive and |L11∇µH2O| <
|L12∇µO2 | so that the resulting flux is also positive). Stated more simply, a sufficiently large
chemical potential gradient in one chemical species (either H2O or O2) can force the other species
to transport up its chemical potential gradient. For example, as shown in the system depicted
by Figure 3.2, if µIH2O > µ
II
H2O
and µIO2  µ
II
O2
, with µIH2O and µ
II
H2O
being on the same order of
magnitude, then water may be transported against its gradient from the “dry” side to the “wet”
side. A similar scenario can be constructed for “uphill” oxygen transport.
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Figure 3.2 Illustration of the chemical potential conditions necessary for uphill steam transport.
Inequalities can be constructed from Equations (3.5) and (3.6) expressing the conditions that
lead to an “uphill” flux. For example, in the case of uphill water transport, the requirement (after
simplification) takes the form:








The equation can be further simplified by expressing the chemical potential gradients in
terms of gas partial pressures on the feed (f) and permeate (p) sides of the membrane using
µi = RT ln(pi) and using the definition of transference number, ti, which represents the fraction of
the charge being carried by a given defect i ( z
2CiBi∑
z2CiBi
, where zi is the charge on defect i). This
























In the derivation of both expressions, the direction of inequality is determined using the
convention that uphill diffusion occurs when the flux and the gradient have the same sign. Exami-
nation of Equations (3.8) and (3.9) reveals that the conditions required for uphill transport depend
strongly on the transference numbers of the defect species involved in the process. For example,
the uphill transport of water (Equation (3.8)) depends crucially on the participation of holes. As
the hole transport number decreases, uphill transport becomes increasingly more difficult (e.g.,
an increasingly larger oxygen gradient is required to force water uphill) until finally at th• = 0,
uphill diffusion becomes impossible. At a minimum (assuming th• → 1), Equation (3.8) predicts a
quadratic dependence for uphill diffusion. In other words, at a minimum, a two order-of-magnitude
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oxygen partial pressure gradient is required to force water uphill against a one order of magni-
tude water partial pressure gradient. The uphill transport of oxygen (Equation (3.9)), depends
crucially on the participation of protons in a similar manner. In this case, the minimum gradient
requirement follows a square-root dependence. Assuming tOH•O → 1, a one order-of-magnitude
water partial pressure gradient would be sufficient to force oxygen uphill against a two order of
magnitude oxygen partial pressure gradient. For both uphill water transport and uphill oxygen
transport, the participation of oxygen vacancies is detrimental, increasing the minimum required
driving gradients for uphill diffusion commensurately; at tV••O = 1, uphill diffusion of either water
or oxygen becomes impossible (since by definition th• = tOH•O = 0 in this case).
3.4 Methods and Materials
An experimental test-bed has been designed (Figure 3.3) that is capable of measuring both
steady state and transient transport of water and oxygen (as well as isotopically labelled water
and oxygen species) through a tubular perovskite ceramic permeation membrane under a wide
range of temperature, pO2 , and pH2O conditions. Our system is capable of producing detailed mass
balances using an atmospheric sampling mass spectrometer (MS) that can observe all four important
gas stream mixtures (permeate inlet and outlet, feed, and retentate), thereby enabling coupled
membrane transport effects, including uphill diffusion, to be quantitatively studied through careful
steady-state mass-balance analysis. Measurements from the MS are recorded as absolute pressures,
from which partial pressures can be calculated. Then using the known flow rates of the carrier
gases and active area of the transport membrane, a flux can be found. Since the flow rates used,
nominally 10-20 sccm, are much larger than the permeation fluxes involved and the accumulated
amounts do not greatly change the partial pressure differences across the membrane, changes in the
gradient along the short active membrane length are neglected. Using a counter-flow design also
contributes to reducing the effect of these axial changes in driving force. Additional details of our
experimental setup and test methodologies have been previously published elsewhere [15, 16]. For
all of the experiments described below, a tubular monolithic permeation membrane based on the
proton conducting perovskite ceramic yttrium-doped barium zirconate (BaZr0.8Y0.2O3−δ or BZY20)
was chosen. BZY20 was selected based on its good ionic conductivity and high chemical stability
in water environments [5], which for these experiments, sometimes days in duration, is extremely
important. Two membranes from the same initial BZY20 tube were used for all experiments, one
of 9 cm in length and one of 12 cm, with a wall thickness of 1 mm. Details of the BZY20 tube
fabrication and characteristics have been previously published elsewhere [15,16].
3.5 Results and Discussion
Table 1 contains results for six permeation experiments run at a number of different condi-
tions. The first four of these are graphically summarized in Figure 3.4 which are typical results
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Figure 3.3 Schematic of the high-temperature permeation test-bed.
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Table 3.1 Operating conditions and results for six permeation experiments
Active Area Temp. pIO2 p
II
O2




(cm2) (◦C) (Pa/Pa) (Pa/Pa) (kJ/mol) (nmol/cm2 s) (Pa/Pa) (Pa/Pa) (kJ/mol) (nmol/cm2 s)
4a 17.4 1000 1× 10−5 2× 10−4 31 −0.12± 0.01 7× 10−2 3× 10−5 −83 4.9± 0.6
4b 12.1 750 2× 10−5 6× 10−5 9.3 −0.07± 0.01 3× 10−2 7× 10−6 −71 0.22± 0.03
4c 12.1 750 1× 10−5 1× 10−2 77 −0.53± 0.06 5× 10−2 2× 10−5 −65 1.0± 0.1
4d 17.4 1000 2× 10−1 2× 10−4 −73 0.69± 0.08 2× 10−3 4× 10−5 −41 0.03± 0.01
5a 17.4 850 1× 10−1 7× 10−5 −68 2.60± 0.31 1 × 10−1 9 × 10−2 – 0.98 −12.0 ± 1.5
5b 17.4 900 5 × 10−3 2 × 10−3 – 9.0 −0.51 ± 0.06 3× 10−2 2× 10−5 −71 2.5± 0.3
from a series of “conventional” (e.g., no uphill transport) permeation experiments in this system. In
agreement with the observed results, Equations (3.8) and (3.9) predict that both oxygen and water
will be transported down their potential gradient for each permeation experiment in Figure 3.4.
While uphill transport does not occur in any of these instances, these experiments underscore sev-
eral important aspects of coupled membrane transport in this system. First, depending on the
experimental conditions, transport can be shifted from almost pure steam transport (Figure 3.4a),
to simultaneous steam and oxygen transport (Figure 3.4b-c), to almost pure oxygen transport (Fig-
ure 3.4d). In general, steam transport is favored under low pO2 conditions and high pH2O conditions,
while oxygen transport dominates under high pO2 and low pH2O conditions. Second, close compar-
ison of Figure 3.4b vs. 3.4c illustrates the strong coupling between water and oxygen transport
that is present in this system. Although only the oxygen gradient was significantly altered between
these experiments, this led to almost a five-fold increase in the water flux permeating through the
membrane. In other words, the increased oxygen partial pressure gradient provided additional driv-
ing force for water transporta clear example of coupling. The oxygen gradient enhanced the water
flux because it was applied in the opposite direction as the water gradient itself. This is consistent
with the theoretical description of flux coupling in this system as expressed by Equation (3.3).
Although both the oxygen and water fluxes increased in this experiment, it is not expected nor
predicted that they should increase by the same amount since the relevant Onsager coefficients,
L11 and L22, are not equal (refer to Equations (3.3)-(3.6)). Finally, in Figure 3.4d we see that
while near pure oxygen transport is possible, the oxygen flux suffers in this regime due to absence




must be approximately equal to zero, meaning that the oxygen flux must
be accommodated entirely by an oxygen vacancy/hole ambipolar diffusion couple (the second term
in Equation (3.4)). The resulting flux is therefore limited by oxygen vacancies, which have by far
the lowest mobility of the three mobile defect species in these materials [54]. In the other scenarios
(e.g., Figure 3.4b or 3.4c), a significant portion of the oxygen flux is actually accommodated by
the first term in Equation (3.4), which is governed by protons and holes rather than oxygen vacan-
cies and holes. One important repercussion of this analysis is the realization that these materials
can transport more oxygen under “dual transport” mode circumstances, where they accommodate
counter fluxes of oxygen and water, than under “single transport” mode circumstances when they
transport oxygen only.
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Figure 3.4 Details of four permeation experiments under the various conditions described in
Table 3.1. The relative size and directions of the arrows reflect the magnitude and
direction of the measured chemical fluxes. Arrows pointing upward signify transport
was “uphill” and, as in all four cases above, downward pointing arrows represent
the more traditional “downhill” transport.
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Although interesting coupled effects were observed for each of the experiments illustrated in
Figure 3.4, in all cases the fluxes of the permeating chemical species (water and oxygen) proceeded
downhill, from high chemical potential to low chemical potential. We now turn our attention to
experiments demonstrating uphill transport effects, first of water, and then of oxygen. In order
to force uphill transport of water, it is necessary to apply a sufficiently large oxygen gradient
in the same direction as the water gradient. As illustrated by Equation (3.3), such a gradient
provides an opposing driving force to water transport. If this oxygen gradient is sufficiently large,
it can overcome the water gradient driving force and cause the water to transport “uphill.” Using
Equations (3.8) as a guide, a number of experiments were designed to achieve this situation, one
of which is summarized in Figure 3.5a. This uphill transport effect was measured under a variety
of experimental conditions and repeated extensively, strongly indicating that it is not an isolated
effect and that it can occur over a wide variety of operating conditions. In all experiments, separate
carrier gases were used on the two sides of the membrane (e.g., He vs. Ar) and both sides were
monitored for carry-gas crossover to rule out leakage. The resulting uphill fluxes were well above
measurement background levels—in fact, the water flux shown in Figure 3.5a is, one of the larger
fluxes that we have measured (larger, in fact, than many of the “downhill” experiments), a result of
the combination of high proton concentration and the assistance of the high driving force provided
by the large oxygen gradient employed. The oxygen flux is also much higher, in contrast to the
experiments of Figures 3.4c and 3.4d which had oxygen potential gradients of similar magnitude
but smaller resulting fluxes.
As discussed earlier, it is also possible to force oxygen up its potential gradient using a suf-
ficiently large water gradient. Figure 3.5b provides the results of such an experiment, using a
large (∼3 order-of-magnitude) water gradient to force oxygen uphill against its own small (∼2-fold)
gradient. A comparison of the results for this uphill oxygen transport experiment (Figure 3.5b)
with that of the uphill water transport experiment (Figure 3.5a) illustrates one of the complexi-
ties associated with multi-species transport in these materials: The transference numbers for these
two experimental are almost identical even though the experimental conditions (and of course, the
end results) are quite disparate. This observation reinforces the point that a full understanding
of the permeation behavior of these materials requires knowledge of a multitude of factors, in-
cluding transference numbers, macro chemical flux conditions, point-defect thermodynamics and
gas-defect reaction equilibria, and the gas compositions on both sides of the membrane. A dynamic
multi-species transport model which is capable of accommodating all of these factors is currently
under development and ongoing testing of these systems is expanding to include new materials
as well as reducing (rather than oxidizing) conditions, where coupled pH2 and pH2O transport
should be feasible. Coupled steam and oxygen transport or steam and hydrogen transport could
both have potential applications in fuel reforming applications where oxygenation/deoxygenation
or hydrogenation/dehydrogenation processes are required. In particular, these high-temperature
coupled transport membrane systems could enable the displacement of conventional reactor thermo-
dynamic equilibria by the selective introduction or removal of chemical species, thereby increasing
66
Figure 3.5 Permeation experiments showing uphill transport under the conditions described
in Table 3.1. The relative size and directions of the arrows reflect the magnitude
and direction of the measured chemical fluxes. Arrows pointing upward signify
transport was “uphill” and downward pointing arrows represent the more traditional
“downhill” transport. The predictions of Equations (3.8) and (3.9) were correct
for both cases. For case 3.5a, steam transported uphill while oxygen transported
downhill; the opposite occurred in case 3.5b.
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yields and/or improving efficiencies. Air separations, syn-gas production, and gas-to-liquids conver-
sion technologies in particular could all potentially benefit from the unique separations approaches
enabled by these materials.
3.6 Conclusions
Theory has long predicted that the coupled defect transport found in perovskite proton
conductors could be exploited to drive chemical species up their chemical potential gradients. This
work has showed definitively that both water and oxygen can in fact be driven up-hill in a BZY20
membrane using only the partial pressure gradients of the two chemical species. The theory was
shown to also be capable of correctly predicting the experimental conditions necessary for up-
hill transport. And while the fluxes were low, making these particular membranes infeasible for
commercial application, thinner membranes and improved configurations could eventually make
solid-state coupled transport membrane reactors an attractive possibility. Targets in the range of
micromoles of flux have been discussed for processes such as methane steam-reforming [100]. Such
a target could be achieved with modest 10 µm thick membranes and a factor of ten increase in
defect transport performance, which may be achieved with alterations in membrane material.
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CHAPTER 4
EXPLORATION OF MULTI-SPECIES TRANSPORT PERMEATION
IN BZY20 USING NUMERICAL MODELING
A paper submitted to Solid State Ionics
Michael D. Sanders1, Huayang Zhu2, Robert J. Kee2, and Ryan P. O’Hayre1
4.1 Abstract
To understand conduction and permeation phenomena in many important solid-state ionic
systems, the effects of multiple charged defect species (e.g., both mobile ions and electronic defects)
must be captured. Analytically modeling this multi-species transport behavior typically requires
a number of limiting assumptions that restrict the circumstances under which the model can be
applied. However, the problem can also be formulated and solved computationally, greatly reduc-
ing the number of assumptions that must be made. In the present work, a numerical approach is
therefore implemented to model multi-species permeation in proton-conducting perovskite systems
and is used to explore multicomponent permeative transport across a very wide range of operating
conditions. A mapping method is developed that allows the large amounts of information produced
by the model to be presented in a graphical manner that allows for the rapid analysis of a wide
range of possible experimental conditions. This method provides detailed insight into the funda-
mental nature of permeative chemical transport in these materials and also serves to delineate the
conditions under which unusual effects such as “uphill” chemical transport occur in these systems.
While the model is applied to the specific case of mixed proton/oxygen vacancy/electronic conduc-
tion in a proton conducting perovskite, the approach can be broadly adapted to other multi-species
transport systems.
4.2 Introduction
Solid-state ion conductors (ICs) and mixed ion-electron conductors (MIECs) have been inten-
sively investigated for decades due to their widespread utility in a variety of applications, including
pumps/sensors [87, 88, 117, 129], fuel cells [3, 6, 12], electrolyzers [130], and gas separation mem-
branes [97,100]. The conduction (or in some cases, permeation) behavior of these materials is typi-
cally of central concern to their application, and hence these transport processes have been investi-
gated in great detail both experimentally and theoretically. In general, the complexity of the con-
duction and permeation behavior increases directly with the number of species involved in transport.
1Materials and Metallurgical Engineering, Colorado School of Mines, Golden, CO 80401, USA
2Engineering Division, Colorado School of Mines, Golden, CO 80401, USA
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Detailed theoretical formalisms have been developed to describe single-species, dual-species (i.e.,
ambipolar) and multi-species (i.e., tripolar or higher) transport [5,41,42,79,85,97,100,119,127,128].
However, in each case, assumptions have been made to simplify the formulations into analytical
equations, thereby restricting the conditions under which these models are valid. This is particu-
larly true in permeation when a membrane containing multiple mobile defect species is subjected
to large chemical potential gradients (e.g., one side exposed to reducing conditions while the other
side is exposed to oxidizing conditions).
Multi-species transport processes are of particular relevance in the proton conducting per-
ovskite oxides, where in principle as many as four mobile species can be active (electrons, holes, pro-
tons, and oxygen ions/vacancies), although many of the typical acceptor-doped proton conducting
oxides do not show significant n-type conduction even under highly reducing conditions [87]. Multi-
species transport in proton conducting perovskites governs the well-known hydration/dehydration
(water uptake) phenomenon in these materials [3, 6,12,100,130], and also enables the steady-state
permeation of hydrogen, oxygen, or steam (or a combination thereof). Building upon the theo-
retical work of Kreuer [5, 79, 127], Bonanos [41, 42, 119, 128], and Virkar [85], we have formulated
a multi-species transport theory for permeation in proton conducting perovskites accompanied by
experimental investigations using an electrodeless permeation membrane configuration to explore
its implications [15]. Under typical oxidizing conditions, a yttria-doped barium zirconate proton
conducting ceramic membrane (BaZr0.8Y0.2O3−δ, or BZY20) permits the high-temperature trans-
port (permeation) of both steam and/or oxygen via coupled ionic defect transport mechanisms.
Furthermore, it is possible to shift the permeation transport regime from pure steam permeation to
pure oxygen permeation, to a combination of the two depending on the specific operating conditions
(pO2 , pH2O and T ). Finally, both theoretical and experimental demonstrations show that perme-
ation up a chemical potential gradient, or “uphill” permeation, is possible in the these materials;
either the steam or oxygen flux — although not both simultaneously — can be forced uphill across
a membrane from low partial pressure to high partial pressure [17].
Although detailed analytical expressions describing the nature of multi-species permeative
transport in these materials are now available [82, 85, 90, 91, 97], the inherent complexity associ-
ated with multi-species transport requires making limiting assumptions in order to find solutions.
However, the problem can also be formulated and solved computationally, greatly reducing the
number of assumptions that must be made. The objective of the present work is therefore to im-
plement a robust numerical model for multi-species permeation in proton-conducting perovskite
systems and use it to explore multicomponent permeative transport across a very wide range of
operating conditions. While the model is applied to the specific case of mixed proton/oxygen
vacancy/electronic conduction in a proton-conducting perovskite (using BZY20 as a basis), the
approach can be broadly adapted to other multi-species transport systems. This approach provides
detailed insight into the fundamental nature of permeative chemical transport in these materials
and also serves to delineate the conditions under which unusual effects such as uphill chemical
transport occur in these systems.
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4.3 Model development
Current models for multi-species transport can be divided into two broad categories: those
that explicitly assume ambipolar transport and those that describe multi-species (at least three
species) transport, but within certain simplifying limits. Ambipolar formulations such as those
developed by Kreuer [131], Matsumoto et. al. [87], and Coors [100] require operating conditions
that favor two conducting species, either as MIECs or dual ionic conductors. While this greatly
simplifies the analysis, it constrains the predictive capabilities of the model, especially when addi-
tional assumptions, such as linear concentrations gradients, are included. Furthermore, as is often
the case, the exact bounds under which ambipolar behavior is valid are often unknown and it is
therefore possible to significantly underestimate the contributions of other charge carrying defects.
The more generalized multi-species transport models take three and sometimes four defect
species into account (although in most cases only three carriers will be present at any given time,
due to the recombination of electrons and electron holes). Most of these formalisms, such as
those from Norby and Larring [82], Virkar [85] and Yoo [90, 91], start from the Nernst-Plank
relationship and introduce a constraint, in the form of electroneutrality, that couples the transport.
The treatments of Virkar and Yoo follow similar routes, where the electrochemical potentials of
the charged defect species are converted into chemical potentials through the use of ionization
equililbria and the eventual solutions are expressed in terms of the chemical potentials of neutral
species. Norby and Larring explicitly break the electrochemical potential into its chemical potential
and electropotential components. Once an expression to describe the electropotential in terms of
the chemical potentials of all the defect species is found and substituted into the flux equations, the
solution is equivalent to those of Virkar and Yoo. It can also be shown that by reducing any of these
solutions to limiting cases based on only two charge carriers, the resulting expressions are equivalent
to those found for ambipolar transport. However, it is difficult to use these existing analytical
models to directly predict permeation fluxes. The major roadblock is the spatial dependency of the
quantities appearing in these analytical solutions, such as the partial conductivities and transference
numbers for the various species involved in transport. Thus, additional information or additional
assumptions (such as linear defect concentration gradients) must be applied to calculate fluxes.
Unfortunately, such assumptions often do not adequately reflect system behavior, especially under
conditions where large chemical potential gradients are imposed across a membrane.
The numerical model described in this paper first finds the defect concentrations at the two
surfaces of a membrane based on the defect equilibrium equations. These concentrations are then
used along with the Nernst-Plank relationship and the requirement for electroneutrality throughout
the membrane to constrain how the fluxes of the charged species interact. The equations are solved
numerically to find steady-state solutions. This method not only allows for the direct calculation
of the individual defect concentration gradients across the membrane (which are often found to be
nonlinear), but also enables their incorporation into the transport mechanics. The spatially resolved
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information provided by this approach thereby enables a direct and self-consistent calculation of
permeation fluxes under any arbitrary set of conditions (from highly reducing to highly oxidizing).
4.3.1 Model Foundations
4.3.1.1 Defect transport
For the BZY20 perovskite-type oxide, the defect species in form of the Kröger-Vink nota-







. The spatial variation of the defect con-




+∇ · Jk = 0, (4.1)
where [Xk] and Jk are the molar concentrations and fluxes of defects, respectively. Chemical
reactions among the defects within the membrane are not considered.
The ionic-species diffusion fluxes Jk due to the gradients of defect concentrations and the





where zk and Dk are the defect charges and diffusivities, Φ is the electric potential, T is temperature,
R is the universal gas constant, and F is Faraday’s constant. Considering the constraint of the
charge neutrality condition for the mole fluxes of the defect species,
∑
k zkFJk = 0, the ionic











The defect diffusivity Dk may be expressed in the Arrhenius form with the pre-exponent factor D
0
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4.3.1.2 Defect chemical equilibrium
Four defect reactions may potentially proceed at the surface of the perovskite-type oxide.




























Finally, a recombination reaction between the holes and electrons may be written as
h• + e′ = null. (4.8)
In addition to the defect reactions at the surface of the proton conducting ceramic, overall
charge neutrality must be enforced as











− [Y•Ba] = 0. (4.9)
For convenience, the dopant defects can be grouped together with the intrinsic electronic defects
into a description of the “Effective Dopant” concentration, S, such that Eq. (4.9) becomes
2 [V••O ] + [OH
•
O] + S = 0. (4.10)
Moreover, the number of oxide ion sites in a pervoskite oxide must be maintained to be 3







Consider that the defects at the surface are assumed to be in equilibrium with the gas phase.
The molar concentrations of the defect concentrations are related to the equilibrium constants and




































The equilibrium constant of the i-th defect chemical reaction can be evaluated as
−RT lnKi = ∆Gi = ∆Hi − T∆Si, (4.16)
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where ∆Gi, ∆Hi, and ∆Si are the change of the free Gibbs energy, enthalpy and entropy. It should












Assuming that the values of the equilibrium constants can all be determined and the gas-
phase composition is fixed, the equilibrium expressions together with the charge-neutrality and site-
conservation constraints can be solved iteratively to determine the equilibrium defect concentrations







, which are set as the boundary conditions for the
defect transport through the membrane.
Table 4.1 Input parameters
Physical System Thermodynamic Quantities Diffusivity Quantities
Mem. inner radius r 0.2175 cm ∆HOH −93.3 kJ mol−1 Protons D0OH•O
1.55× 10−4 cm2 s−1
Mem. thickness t 100 µm ∆SOH −113.2 J mol−1 K−1 EOH•O 43.0 kJ mol
−1
Mem. length l 10 cm ∆Hh −135.0 kJ mol−1 Vacancies D0V••O
1.90× 10−5 cm2 s−1
Molar volume V 45.56 cm3 mol−1 ∆Sh −130.0 J mol−1 K−1 EV••O 70.0 kJ mol
−1
Effective dopant S 0.19 ∆Ge −266.2 kJ mol−1 Holes D0h 1.05× 10
−2 cm2 s−1
Eh 97.0 kJ mol
−1
Electrons D0e 1.70× 10−3 cm2 s−1
Ee 90.0 kJ mol−1
4.3.2 Model Input Parameters
Table 4.1 lists the physical and chemical parameters that are used in the present analysis.
The majority of the parameters complied in Table 4.1 are from published permeation experiments
using BZY20 [134]. Nevertheless, the model results presented in this paper are not intended to
be absolute predictions of the performance of a BZY20 membrane. Instead, these results provide
a starting point for a qualitative examination of trends in the permeation behavior exhibited by
membranes from this general class of proton conducting materials. Several of the parameters
listed in Table 4.1 are poorly known or have never been directly measured (e.g., the electron/hole
recombination activation energy).
4.3.3 Model Assumptions
Several assumptions are built into the current model. The model is isothermal, isobaric,
and steady-state (although the code is capable of finding transient solutions). It is assumed that
gas compositions on both sides of the membrane remain constant and in equilibrium along the
entire length of the membrane. Experimentally, this is achieved when the gas flow rates are much
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Figure 4.1 System Configuration
higher than the fluxes across the membrane, the two gas streams are in counter directions, and
a relatively small active membrane length is employed. Figure 4.1 provides a schematic of one
such experimental configuration. The membrane is assumed to be sufficiently thick so that bulk
diffusion rather than surface kinetics controls transport through the membrane. Finally, edge effects
are assumed to be negligible, consistent with the fact that the modeled membrane length (10 cm) is
four orders of magnitude larger than the membrane thickness (100 µm). The model is implemented
for a tubular configuration, and the reported fluxes are calculated based on the outside surface
area of the tube. However, with a b/a ratio of just 1.05 based on the radius and thickness of the
membrane (where a is the internal radius of the membrane and b is the external radius), a model
employing a plane-sheet configuration would provide nearly identical results [135].
4.3.4 Model Outputs
Figure 4.1 also shows the important conventions that are used to describe the output results.
Model-derived defect transport rates through the membrane are reported in units of (mol s−1),
which are then normalized by the outer surface area of the tube to yield molar fluxes in units of
(mol cm−2 s−1). Fluxes emanating from the inside to the outside of the tube are defined to be
positive, while those going from the outside to the inside are negative.
Table 4.2 and Fig. 4.2 provide example results from the model for a membrane exposed to
fuel-cell type conditions consisting of humidified hydrogen on the interior of the membrane and
humidified air on the exterior at a temperature of 750 ◦C. Table 4.2 contains the resulting steady-
state defect fluxes. Figure 4.2 plots the spatial information about the defect concentration gradients
across the membrane at steady-state as well as the predicted Φ profile.
4.3.4.1 Post-model calculations
Model-derived defect fluxes can be converted into more experimentally relevant (and mea-
surable) chemical fluxes under several frames of reference. In a first frame of reference, “non-
equilibrated” chemical fluxes can be calculated under the assumption that the fluxes emerging on
each side of the membrane are in effect “isolated” and do not equilibrate with the prevailing gas
atmospheres on each side of the membrane. Table 4.2 lists these results as “Non-equilibrated.” In
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Table 4.2 Model Results for Wet Hydrogen/Wet Air Example
System Conditions
Temperature Inside Outside








Defect Flux–Ji (nmol cm
−2 s−1)
Inside Outside ti
Protons 20.76 20.76 0.47
Vacancies 0.69 0.69 0.03
Holes −22.14 −22.14 0.50
Electrons 0 0 0.00
Chemical Flux–Ji (nmol cm
−2 s−1)
Non-Equilibrated Equilibrated
Inside Outside Inside Outside
Water 0 0 −0.69 10.38
Oxygen −0.35 −0.35 0 −5.53
Hydrogen 10.38 10.38 11.07 0
a second, more realistic and experimentally relevant frame of reference, “Equilibrated” chemical
fluxes can be calculated under the assumption that the fluxes fully react with the existing gas
environments on each side of the membrane so as to maintain these prevailing gas-phase equilibria.
Such a scenario would occur if the molar flows of the sweep gases through the interior and exterior
compartments of the membrane are large relative to the molar flows crossing the membrane and if
the kinetics of the defect/gas surface reactions needed for re-equilibration are fast. Table 4.2 also
contains these “Equilibrated” flux results.
Under the non-equilibrated frame of reference, the chemical fluxes are symmetric, since in
isolation, chemical species removed from one side of the membrane must be reproduced on the
other side of the membrane in an identical fashion. Under the equilibrated frame of reference,
however, the chemical fluxes need not be symmetric— in other words, the apparent chemical fluxes
emerging/leaving from the inside of the membrane are not necessarily equal and opposite to the
apparent chemical fluxes emerging/leaving from the outside of the membrane. This asymmetry is
due to re-equilibration of the chemical species transporting through the membrane with the asym-
metric gas atmosphere equilibria on the two sides of the membrane. Thus, Table 4.2 provides two
sets of chemical fluxes under the “Equilibrated” heading, one set reflecting the apparent chemi-
cal fluxes emerging/leaving the inside of the membrane and a second set reflecting the apparent
chemical fluxes emerging/leaving the outside of the membrane (recall the sign convention: positive
flux is from inside to outside— the signs of the fluxes therefore do not necessarily correspond with
“production” vs. “consumption”). Note that atom and mass balance (i.e., conservation of H and
O atoms) is still preserved under this equilibrated frame of reference.
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Figure 4.2 Defect concentration and electropotential (Φ) profiles across membrane for Wet
Hydrogen/Wet Air example.
4.3.4.2 Apparent Fluxes
The term “apparent” flux is used in discussing the chemical fluxes under equilibration con-
ditions because the re-equilibration of chemical species emerging across the membrane with the
existing gas environment can cause an apparent flux of other chemical species due to reaction. For
example, a flux of hydrogen transported as protons counterbalanced by holes, permeating to the
outside of a membrane exposed to a highly oxidizing gas environment, will react with oxygen to
produce water. This re-equilibration phenomena thus produces an apparent positive flux of water
and an apparent negative flux of oxygen (and very little if any hydrogen flux is leftover). Note that
this is precisely the scenario illustrated in Table 4.2.
The following set of equations allows for the calculation of chemical fluxes under the “Equi-
librated” frame of reference from the model-output defect fluxes and the prevailing gas phase equi-
libria (on either the inside or outside of the membrane, using the corresponding gas environment
respectively)











































Figure 4.3 Illustration of the resulting fluxes from the Wet Hydrogen/Wet Air example. The
non-equilibrated fluxes are composed only those chemical species that are actually
transfered through the membrane. The equilibrated fluxes take chemical reactions
with the gas atmospheres into account.
Figure 4.3 graphically summarizes the actual defect fluxes crossing the membrane and the
resulting apparent chemical fluxes under the “equilibrated” frame of reference for the wet hydro-
gen/wet air scenario documented in Table 4.2. It is clear from this diagram that the flux of hydrogen
leaving the inside of the membrane (and carried by proton/hole transport through the membrane)
results in an apparent production flux of water (and a corresponding consumption flux of oxygen)
on the exterior of the membrane. Meanwhile, the small (3%) counter-flux of oxygen from the out-
side to the inside of the membrane (via oxygen ion/hole transport) reacts with hydrogen on the
inside of the membrane to cause an apparent production flux of water on the interior as well. Thus,
in this “fuel cell” scenario, counter-permeation of both hydrogen and oxygen through the mem-
brane leads to psuedo-combustion (i.e., the production of water) on both sides of the membrane.
Note however, that the majority of the water production is on the exterior of the membrane, since
hydrogen transport to the exterior of the membrane by the proton/hole diffusion couple dominates
oxygen transport in the reverse direction by the oxygen ion/hole diffusion couple.
4.3.4.3 Transference Numbers
Further significant insight into the permeation behavior in these mixed conducting systems
can be gained by examining the transference numbers for the various defects participating in the
charge/species transport within the membrane. While the conventional definition of transference
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number is formulated from ratios of partial conductivities, here it is more convenient to evaluate





Because the partial conductivities of the individual defects vary spatially across the mem-
brane (since the defect concentrations themselves vary spatially), so to are the transference numbers
calculated on the basis of partial conductivity ratios. In contrast, under steady-state conditions,
transference numbers based on defect fluxes are invariant and serve as membrane-averaged mea-
sures of the steady-state charge and species transport. As such, defect-flux-based transference
numbers quantify the degree to which each species participates in the overall net transport across
the membrane and provide important insight into the permeation behavior of the system.
As the defect-flux based transference numbers shown in Table 4.2 illustrate, in this scenario
nearly all the charge is being carried by protons and electron holes. The vacancies participate very
little, contributing only 3% to the net charge transport. This scenario thus reflects a situation
very close to the ambipolar proton/hole permeation limit. Under conditions where permeative
transport within the membrane approaches an ambipolar limit (whether ambipolar proton/hole,
proton/oxygen vacancy, or oxygen vacancy/hole), simplified closed-form analytical approximations
of permeative transport theory can be applied [15]. As discussed later in this paper, however, there
are only a relatively small number of conditions under which such ambipolar approximations are
reasonable, and in most cases the complete multi-species transport theory presented here must be
employed to correctly model the system behavior.
4.3.4.4 Internal electropotential difference
Insight into the driving forces experienced by the membrane under various gas composi-
tion gradients can be garnered by calculating the internal electrical difference, ∆Φ. This quantity
essentially represents the voltage lost across the membrane due to internal thermodynamic irre-
versibilities caused by permeative transport. For these conditions, the internal irreversibility, or
“permeative shunt,” diminishes the theoretical maximum OCV by only 13 mV. While small, it is
important to keep in mind that this does not include any other sources of possible parasitic voltage
loss, such as leaks, fuel crossover, catalytic and electrodic effects, or side reactions [136].
4.3.4.5 Contour Maps
The permeation example discussed above, which consisted of wet hydrogen on the interior of
the membrane and wet air on the exterior of the membrane, represents just a single possibility out
of many potential permeation conditions. Contour map plots such as the one shown in Fig. 4.4 can
be constructed from an array of model scenarios to collectively visualize a larger set of permeation
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cases. To produce these contour maps, a set of model studies are run with a fixed gas environment
on the interior of the membrane while the exterior gas environment is systematically varied over
a wide range in both pO2 and pH2O, with 1 × 10−35 ≤ pO2 ≤ 1 and 1 × 10−10 ≤ pH2O ≤ 1 (for
environments that don’t reach a total pressure of 101 kPa, the balance is argon). Various model
outputs including the defect and chemical fluxes across the membrane can then be visualized as sets
of contour maps where the abscissa and ordinate axes represent the range of exterior membrane
gas compositions investigated (vs. the fixed interior gas composition, which is identified in these
contour maps by the purple dot). Please note that because of the enforced equilibrium between
H2, O2, and H2O, only two of these three variables are independent. In all investigations discussed
here, we have chosen pO2 and pH2O as the two independent gas variables and the corresponding
pH2 at each point is determined by the equilibrium. If desired, a simple matrix transformation of
the contour plot data can be used to present the information in terms of pO2 and pH2 or pH2O and
pH2 instead.
The example contour map shown in Fig. 4.4 shows how the chemical flux of water (as calcu-
lated using the equilibrated frame of reference at the exterior of the membrane) varies over a wide
range of exterior gas compositions when the interior gas composition is fixed as wet hydrogen (as
indicated by the purple dot toward the bottom right corner). This contour map contains results
from a 21 by 71 array of model studies, representing a total of 1491 individual model scenarios.
The “fuel-cell”-conditions permeation example discussed previously represents a single point on this
contour map (designated by the black dot toward the top right corner). While the contour map
shown in Fig. 4.4 only provides information on how the water flux varies over a range of exterior
gas compositions, additional contour maps can be created to visualize the variation of all of the
other non-spatial model quantities discussed above (such as the hydrogen and oxygen fluxes, the
individual defect fluxes, transference numbers, ∆Φ, etc). Figure 4.5 shows a complete set of such
contour plots, again for the case of wet hydrogen as the fixed gas environment on the inside of the
membrane. The electron flux and electron transference number maps are not included due to space
considerations, however there is no significant electron flux under any of the conditions discussed.
This is consistent with the fact that BZY is dominantly p-type and it is extremely difficult to in-
duce appreciable n-type conductivity even under highly reducing conditions. The scale and legend
information required for interpreting these plots (and for all subsequent plots shown in this paper)
is given in Fig. 4.6.
A careful analysis of the trends visualized by the contour mapping approach fosters deeper
understanding of complex multi-species permeative transport phenomena. For example, compar-
isons between the direction and magnitude of the defect fluxes versus the chemical fluxes crossing
the membrane enables identification of regions where apparent chemical fluxes are generated by the
reaction of permeating defects with the prevailing gas environment. Such regions are demarcated
on the contour maps with dotted boundary lines (see, e.g., Fig. 4.5b-c). In addition, shading is used
to denote regions where uphill transport is predicted to occur (see, e.g., Fig. 4.5a-f). Oftentimes,
the regions of apparent chemical flux and uphill transport coincide. Maps of other model-derived
80
Figure 4.4 Contour map of water flux with respect to humidified hydrogen. The black dot
depicts the outside condition illustrated in the example (labeled with the predicted
flux), while the purple dot represents the internal gas conditions used for the en-
tire contour map. The gray-shaded overlay designates the region where steam is
transported against its chemical potential gradient.
metadata can also be extracted, such as the plot shown in Fig. 4.5k, which identifies regions where
the permeation behavior is dominated by two defect species and hence ambipolar transport approx-
imations are applicable. The following results section further discusses such issues and examines
model-predicted trends in transport behavior using these contour map compilations for a variety
of base permeation scenarios, as summarized in Fig. 4.5-4.11.
4.4 Results and discussion
For a large-scale analysis of permeation behavior, four different fixed internal gas compositions
are compared; wet hydrogen (3% water), wet argon (3% water), dry argon (log pH2O = −6), and
wet air (3% water). The external condition range for each internal gas composition was selected
to cover a wide range of compositions from pure oxygen (log pO2=0) to pure hydrogen (log pH2=0).
The calculations were run at a system temperature of 750 ◦C (consistent with the example case-
study previously discussed). The initial calculations were run at a system temperature of 750 ◦C
(consistent with the example case-study previously discussed). The calculations were then repeated
for two additional temperatures, 600 ◦C and 900 ◦C, in order to investigate any changes in behavior
caused by operation temperature. Only the 750 ◦C results are presented here; the results for the
600 ◦C and 900 ◦C temperatures are included as an online-only addendum.
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Figure 4.5 Full set of contour maps for inside conditions of humidified hydrogen. All plots use
the same scale and axes as Fig. 4.4, with steam partial pressures along the abscissa
and oxygen partial pressure along the ordinate axis. See Fig. 4.6 for additional
legend information.
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Figure 4.6 Legend for contour maps.
Along with the other temperature results, additional supplementary plots are included in
the online-only addendum. Instead of examining only four different interior gas compositions, the
interior composition was varied over the same range as the exterior so that a wide combination
of interior and exterior gas compositions could be simultaneously evaluated. In order to create
graphics of a manageable size, the interior partial pressures were varied in logrithmic intervals of 5
decades for oxygen and 2 decades for water. This produces a matrix (or grid) of 48 contour maps,
which allows for a wide range of interior and exterior gas composition combinations to be quickly
analyzed for broad trends. One such grid is shown in Fig. 4.7, which identifies composition regions
where ambipolar transport approximations can be reasonably applied across a nearly complete
array of potential permeation conditions.
4.4.1 Defect Flux Contours
Direct model output includes the steady-state fluxes of the four possible defects in the mem-
brane (protons, oxygen vacancies, electrons and electron holes), and so we begin our discussion with
those results. For the case where the interior gas composition is fixed as wet hydrogen the proton
fluxes across the membrane (Fig. 4.5d) are driven exclusively by the partial pressure gradient of
water across the membrane so long as the exterior of the membrane is also exposed to (relatively)
reducing gas environments (i.e., the proton flux contour lines run vertically for pO2 values less than
10−10 as seen in the bottom two-thirds of the map). However, when the exterior gas pO2 exceeds
10−10), a substantial number of holes begin to participate in transport (see Fig. 4.5f), and thus the
proton transport begins to become coupled to the oxygen partial pressure gradient as well. Because
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Figure 4.7 Matrix of contour maps showing regions of ambipolar transport for all possible gas
environment combinations. All plots use the same scale and axes as Fig. 4.5k. See
Fig. 4.6 for additional legend information.
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Figure 4.8 Comparison of the zero chemical potential difference (Left) and the zero flux con-
dition (Right) for protons. The region bound by this deviation is the area where
protons are transported up their chemical potential gradient.
the oxygen partial pressure gradient becomes an additional driving force for proton transport under
oxidizing conditions, protons can be driven up their chemical potential gradient under a range of
wet oxidizing exterior gas environments, as shown by the shaded regions in Fig. 4.5d. The influence
of oxygen on the proton flux behavior is exemplified by the deviation of the zero-flux condition from
the zero chemical potential difference condition that occurs at oxygen partial pressures greater than
1× 10−10 (Fig. 4.8). This deviation increases with increasing oxygen partial pressure, resulting in
situations where a zero proton flux condition can be achieved even under a relatively strong partial
pressure gradient of over one and a half orders of magnitude for water and nearly ten orders of
magnitude for hydrogen (as the two driving forces essentially “cancel” each other out). Under dry
oxidizing exterior conditions (upper left corner of the map) the proton flux becomes driven almost
exclusively by the oxygen gradient across the membrane (i.e., the proton flux contour lines run
horizontally).
Like protons, the vacancy flux (see Fig. 4.5e) is also tied to both water and oxygen partial
pressure gradients since both species compete to react with vacancies, although again the degree
of coupling depends on the pO2 . For pO2 < 10
−10, the vacancy flux is driven almost exclusively
by the water gradient and is essentially independent of the oxygen gradient across the membrane
(bottom two-thirds of the map). When higher oxygen partial pressures are applied in concert with
high steam partial pressures (upper right side of the map), this same situation also holds. However,
when higher oxygen partial pressures are combined with low steam partial pressures (upper left
side of the map), the situation reverses and the vacancy flux becomes driven almost exclusively by
the oxygen gradient across the membrane.
85
In contrast to protons and vacancies, hole fluxes are driven almost exclusively by the oxy-
gen partial pressure under virtually all conditions except at the highest water partial pressures,
where slight water-gradient coupling effects are observed. Finally, although not shown, there is no
appreciable electron flux under any conditions, even in highly-reducing dry-hydrogen atmospheres.
Further insight can be gained by comparing these defect flux maps to those obtained for the
other interior gas composition scenarios (Fig. 4.9-4.11). When the interior gas composition changes
from the highly reducing wet hydrogen condition to the less strongly reducing wet argon condition
(see Fig. 4.9), the proton and oxygen vacancy flux maps continue to look very similar, but differences
begin to emerge in the hole flux map. The hole flux is generally unchanged for highly oxidizing
external environments, but at lower external oxygen pressures the hole flux eventually reverses
sign and holes are transported in opposite direction across the membrane. This is because even
ultra-high purity (UHP-5) argon has enough of a partial pressure of oxygen to induce significant
hole participation. The 10−5 atm oxygen present on the wet argon (interior) side of the membrane
can therefore act as either a reactive sink or source for holes depending on whether the pO2 on
the other (exterior) side of the membrane is higher or lower than this value (with some coupling
contribution from the water gradient determining the exact pO2 where this reversal occurs).
When the interior gas composition is switched from wet argon to dry argon (see Fig. 4.10) the
defect flux contours are effectively translated to the left by four orders of magnitude (corresponding
to the four orders of magnitude difference in pH2O between wet argon and dry argon), although
their general shape and behavior is largely unaffected. The absolute magnitude of the proton flux
under wet external conditions increases (which makes sense considering the water gradient driving
force increases with the change in the interior gas composition from wet to dry argon) while the
magnitude of the proton flux under dry external conditions decreases (which again makes sense
considering the water gradient driving force in this cases decreases with the change in the interior
gas composition from wet to dry argon). Similar effects are observed for the oxygen vacancy and
hole fluxes as well.
Finally, when the interior gas composition is switched to wet air (Fig. 4.11), hole participation
becomes increasingly more prevalent across nearly all conditions and this in turn influences the
behavior of the proton flux. This coupling can be highlighted by examining how the line of zero
proton flux (under reducing conditions) shifts for the three humidified cases (i.e., compare Fig. 4.5a
vs. Fig. 4.9a vs. Fig. 4.11a). As the interior oxygen partial pressure increases in moving from wet
hydrogen (Fig. 4.5a) to wet argon (Fig. 4.9a) and ultimately to wet air (Fig. 4.11a), the zero flux
line shifts to lower water partial pressures by several orders of magnitude.
4.4.2 Chemical Flux Contours
In this section, we shift our attention from the defect flux contour maps to the chemical flux
contour maps. In all four scenario sets, the chemical flux contour maps plot the chemical fluxes
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Figure 4.9 Full set of contour maps for inside conditions of humidified UHP argon. All plots use
the same scale and axes as Fig. 4.4, with steam partial pressures along the abscissa
and oxygen partial pressure along the ordinate axis. See Fig. 4.6 for additional
legend information.
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Figure 4.10 Full set of contour maps for inside conditions of dehumidified UHP argon. All
plots use the same scale and axes as Fig. 4.4, with steam partial pressures along
the abscissa and oxygen partial pressure along the ordinate axis. See Fig. 4.6 for
additional legend information.
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Figure 4.11 Full set of contour maps for inside conditions of humidified air. The additional
points of interest #1 and #2 in plots a-f illustrate similar defect fluxes can have
very different resulting chemical fluxes, depending on the prevailing gas environment
(See Sec. 4.4.2 for additional analysis).
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calculated under the “equilibrated” frame of reference at the membrane exterior. In some cases,
there is a strong correspondence between defect and chemical flux maps, but in other cases there is
very little correlation. For example, the water flux map is strongly correlated to the proton defect
flux map; however the hydrogen flux map bears little resemblance at all to the proton defect flux
map. In fact, it is clear that these membranes make very poor hydrogen transport membranes.
Under reducing gas environments, because of the lack of holes (and also the lack of electrons),
almost all proton transport is counterbalanced by oxygen vacancies, resulting in the effective net
transport of water rather than hydrogen across the membrane. When one or both sides of the
membrane is exposed to oxidizing gas environments, the proton transport can be at least partially
counterbalanced by holes rather than oxygen vacancies. However, in such cases the proton flux will
be converted to water on the oxidizing side of the membrane and thus again the net result is that
water rather than hydrogen is effectively transported across the membrane (i.e., a consumption
flux of hydrogen from the more reducing side of the membrane is converted to a production flux of
water on the more oxidizing side of the membrane).
An intriguing consequence of the interplay between defect fluxes, surface gas compositions and
the resulting chemical fluxes is that different experimental conditions can sometimes yield similar
or even identical sets of defect fluxes but vastly dissimilar chemical fluxes. One such instance
can be shown in Fig. 4.11 where the fixed interior gas composition is humidified air. Compare
the chemical fluxes versus the defect fluxes of points #1 and #2 in Fig. 4.11a-f. Because points
#1 and #2 contain the same partial pressure of water in the exterior gas environment and lie in
an area where all the defect flux contours run vertically, they show identical defect flux behavior
(both direction and magnitude) for all three defects (protons, holes, and vacancies). However, the
chemical fluxes produced at these two points are markedly different. While point #1 shows a large
(positive) oxygen flux, point #2 instead shows a large (negative) hydrogen flux. Furthermore, the
water flux actually changes direction from point #1 to #2, even though there is no change in the
direction or magnitude of the proton flux. This reversal is the result of the change in the pO2 on the
exterior of the membrane between points #1 and #2. For point #1, holes react with the exterior
water, which produces the protons that are incorporated into the membrane lattice. In terms of
chemical fluxes (viewed from the exterior of the membrane), this yields a consumption (negative)
flux of water and a production (positive) flux of oxygen. The lower pO2 (higher pH2) associated
with point #2 enables alternative reaction paths. Either, like in the previous gas environment,
holes react with water to strip protons from the oxygen, producing oxygen that then reacts with
the available hydrogen to reform water, or the holes react directly with the hydrogen to produce the
protons. In either scenario, hydrogen is consumed (negative flux). Meanwhile, oxygen permeating
to the exterior membrane surface as a result of the (negative) vacancy flux reacts with the available
hydrogen to produce a positive chemical flux of water.
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4.4.3 Uphill and Apparent Flux Overlays
As briefly introduced earlier in Sec. 4.3.4.5, certain combinations of gas environments on the
two sides of the membrane lead to situations where a defect or chemical species is transported up its
chemical potential gradient. Such regions of uphill transport do not violate physical laws. They are
a consequence of the fact that multiple driving forces can simultaneously act on a charged species
due to coupling of the partial pressure gradients and defect gradients caused by the electroneutrality
constraint. (See [17] and [85] for a more detailed discussion of this uphill diffusion phenomenon). In
the contour map compilations presented in Fig. 4.5- 4.11, gray-shaded overlays demarcate regions
of uphill transport for the various defect or chemical fluxes. A careful inspection of the contour
maps shows that uphill chemical transport requires the participation of three defects. In particular,
regions where large uphill fluxes are achieved require significant participation from all three mobile
defects.
When the gas environment conditions ensure widespread participation from all three defects,
such as in the scenarios using wet air as the fixed interior gas composition (Fig. 4.11), sizable uphill
fluxes of water and oxygen can occur. Sizable uphill fluxes of hydrogen, however, are not observed
under any combination of gas conditions. A sizable (real) uphill flux of hydrogen would require
coupling of proton and electron fluxes, but electrons are not present in this membrane system in
any significant quantities under any of the gas conditions studied. Because the model scenarios
examined in this study used input parameters associated with BZY (an acceptor-doped oxide) it is
not surprising that electrons do not feature in the results. However, it is likely that strong uphill
transport of hydrogen could achieved in a donor-doped (n-type) oxide system.
Uphill transport of chemical species and the uphill transport of the component defect species
do not necessarily coincide. For example, there is no correspondence between the regions of uphill
oxygen vacancy defect transport and uphill oxygen (or water) gas transport. In contrast, there is
a direct and complete correspondence between the regions of uphill hole transport and the regions
of uphill oxygen gas transport. The most complex correlation occurs between the uphill transport
of protons and water. In this case, there are regions of overlap, but also regions where only one or
the other is experiencing uphill transport. This leads to the odd circumstance where water may be
transported against it gradient, while the component transport of the protons remains downhill.
In other cases, the uphill transport of protons results in the downhill transport of water.
The regions on the chemical flux contour plots bounded by the dashed lines demarcate areas
where either the oxygen or hydrogen flux is of an apparent nature. In other words, these regions
correspond to areas where most of the observed chemical flux is due to the reaction of defect species
crossing the membrane with the prevailing gas environment (thereby yielding an apparent flux of
a particular gas species due to production or consumption via reaction rather than via “neat”
transport of the components of that gas species through the membrane). Uphill chemical transport
regions are always confined within the regions where apparent fluxes prevail, highlighting the strong
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relationship between these two phenomena. It should be noted that there are no corresponding
regions demarcating apparent flux on the water flux plots, since all water results are a mixture of
both types of flux. However, it is possible to deduce the contribution from each by looking at the
calculation for water flux (Eq. 4.18). If the water map was broken into two maps, one for “neat”
flux and one for apparent, the neat map would be the negative of the vacancy flux map, and the
apparent map could be represented by taking the negative of the oxygen flux map and multiplying
by a factor of two.
4.4.4 Transference Number Contours
Information complimentary to the results from the defect and chemical flux contour maps
can be provided by calculating maps of transference numbers for the defects. Importantly, the
transference numbers give no indication of the magnitude of the defect fluxes, only the relative
importance of a particular defect in contributing to the overall total charge transport balance
under a given set of conditions. However, these maps are quite helpful in understanding how the
various defects interact to produce the defect and chemical fluxes previously discussed.
Examining the transference number maps for the wet hydrogen scenario (Fig. 4.5g-i) as
an example, it can be seen that protons are almost always a dominant charge carrier while the
complimentary defect changes from vacancies to holes as the exterior pO2 increases. Many of the
other defect and chemical flux behaviors that have been discussed thus far can also be examined
in the context of these transference number plots.
The information from the individual transference number maps can also be recompiled to
produce a “transport species phase map” (see, e.g., Fig. 4.5k) which identifies the defect species
that dominate transport as a function of the gas environment. Specifically, ambipolar regions can
be identified where only two defects participate in transport versus regions where all three defects
participate in transport. The darkest regions show areas where exactly two defects participate (the
sum of their transference numbers is unity), while the lighter shaded regions denote regions where
the transport includes up to 5% participation by one additional species. Thus, these lighter regions
correpond to areas where treating the transport as ambipolar is still perhaps acceptable, athough
only as a rough approximation. For all other conditions, ambipolar transport approximations
should not be applied, since a third defect contribute meaningfully to the charge transport. A
broader view of the “transport species phase map” using the full matrix of both interior and
exterior gas conditions is shown in Fig. 4.7. As this larger matrix reveals, ambipolar transport is
relatively common in cases where both sides of the membrane are exposed to reducing conditions,
where transport is determined almost exclusively by protons and oxygen vacancies. However,
ambipolar transport occurs very infrequently when at least one side of the membrane is exposed to
oxidizing conditions, since in these cases all three defects (protons, oxygen vacacancies, and holes)
tend to be involved in transport. The only true ambipolar transport condition involving oxidizing
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environments occurs with extremely dry gas environments, where holes and vacancies become the
two dominant carriers.
4.4.5 Electropotential Differences
As mentioned in Sec. 4.3.4.4, the internal electropotential difference, ∆Φ, is a measure of the
internal losses due to the transport of charge through the membrane. Qualitatively, these losses are
the greatest when either the fluxes of defects or the resistance to transport of the defects is large.
Since all of the defect fluxes are around the same magnitude under most scenarios, it is the mobility
of the defects that has the greatest impact. Oxygen vacancies are thus the dominant defect as they
have the lowest mobility. As the contour plots show (e.g., Figs. 4.5-4.11e vs. j) the relationship
between the flux of vacancies and ∆Φ is clear. Only at very high oxygen partial pressures, where
vacancy fluxes are low, will holes begin to affect the electropotential difference.
4.5 Summary and conclusions
Using a numerical modeling approach, it is possible to describe much of the unique behavior
inherent in perovskite-based proton conducting oxides without resorting to simplifying assumptions.
While these simplifications, especially reducing the number of transporting defect species, predict
some of the permeation performance of these membranes, other behaviors, like uphill transport,
cannot be accounted for without taking all three defects into consideration. The numerical method
also allows for a large number of experimental scenarios to be calculated, the results of which can
be visually presented with contour maps that allow for quick analysis. These maps can also be
used to identify operating conditions that would be beneficial for the practical deployment of these
materials in applications such as membrane reformers or gas separation.
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5.1 Summary and Conclusions
This dissertation highlights the important role of minority defects within proton-conducting
oxide permeation membranes. It also underscores the difficulties associated with assessing multi-
species transport using conductivity measurement techniques. The presence of a third charge carrier
creates complications, but also introduces behaviors that are not present in either single or two
carrier systems, such as “uphill” transport. More specifically, the following has been accomplished
with this work:
 The multi-species transport space theory that has been developed, especially its graphical
description, can assist in visualizing the consequences of electrode-less permeation on the
interplay between between multiple transporting species. It is also important to return to the
original definition of transference numbers, a description based on ratios of fluxes rather than
the more common ratios of conductivities, because of the need for a spatially independent
descriptor of each defect’s contribution to transport across a membrane. The permeation and
isotope experiments confirm the substantial role electron-holes play, even under relatively
inert environments.
 Further confirmation of the power of multi-species transport can be seen in the experimental
evidence of uphill transport. The transport of both steam and oxygen up their chemical po-
tential gradients using only a strong gradient in the other gas species had been theorized, but
never experimentally demonstrated. While the actual fluxes produced are too low for current
application, the proof of concept opens the doors to the eventual use of this phenomenon with
a focus on improvements to membrane performance.
 Using a newly developed model, contour maps of the relevant performance properties can
be created to quickly and intuitively discover patterns and identify regions of experimental
conditions that contain interesting behavior.
 The newly developed algorithms used to calculate the final gas-phase species work well and
correctly predict experimental results.
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5.2 Future Work
5.2.1 Modeling and Theory
Overall, the multi-species transport model is nearing completion. Nevertheless, the current
model makes several assumptions which should likely be revisited in order to further improve
predictive utility. Important additions to the model should include the incorporation of surface
kinetics, which is the largest weakness in an otherwise robust modeling effort. Another area that
needs refinement is the prediction of gas-phase species fluxes derived from the defect fluxes. The
current implementation given in Section 4.3.4.2 relies upon the assumption that fluxes remain small
enough to not alter the equilibrium composition of the gases on the two sides of the membrane.
This is a weak assumption that under most experimental conditions will not be valid, especially as
fluxes increase with decreased membrane thickness. With such modifications the model can likely
be used to predict the fluxes under more real-world conditions and with more complicated gases
like methane and ammonia.
5.2.2 Experimentation
With the theoretical understanding and modeling on firm footing, the biggest need becomes
the continued collection of experimental data and, more importantly, the determination of the
myriad materials parameters that remain unknown. As highlighted in Section 1.3.5 many of the
parameters needed for modeling permeation are not well known or have never been measured. This
makes further validation of the new models difficult, if not impossible.
Building upon the work and techniques discussed in this dissertation, the following are rec-
ommendations for experimental focus. While certainly not an exhaustive list of parameters for
which values are still unknown, these experiments should provide enough information to make it
possible to calculate additional parameters directly from permeation data.
5.2.2.1 Thermodynamic Quantities
As Table 1.2 demonstrates, the largest gap in knowledge remains the defect reactions other
than hydration. There have been no experimental efforts to measure the enthalpies and entropies
for either the oxygenation or hydrogenation reactions. The obvious pathway would be to perform
STA experiments similar to Kjølseth et al. [46]. However, the procedure detailed in the article does
not allow for the evaluation of the reaction entropy, only the enthalpy. This information should be
available using the STA method along with some procedural modifications outlined in Appendix B.
It would also be worthwhile to remeasure the values for hydration using the above methods,
not only to evaluate the accuracy of previous attempts, but to help answer a couple of open
questions. The first would be what role Ni introduced during the SSRS method might play in
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defect reaction thermodynamics. The second, a more difficult task, would be to attempt to resolve
the speculation put forth by Yamazaki et al. [35,47] that oxygenation rather than hydration occurs
even under wet and low-oxygen environments. Yamazaki et al. [35] covers a suitable procedure to
achieve those ends, although it is suggested to also incorporate the information obtained in the
oxygenation thermodynamics investigation.
5.2.2.2 Defect Kinetics
As the defect reactions become better defined, it becomes possible to extract better mobility
data from conductivity measurements. However, the same can be said for permeation experiments
and only permeation isotopic time-lag experiments can directly measure the diffusivity. The biggest
challenge will be the oxygen vacancy mobilities, since they cannot be measured using isotope time-
lag [16]. SIMS is a possible, if often inaccessible, solution. Another route may be isotope depth-
profiling using Raman.
5.2.2.3 Surface Kinetics
Perhaps the most challenging properties to probe in these materials are the surface reaction
kinetics and their quantification may be the largest hurdle to fully predicting real-world membrane
performance.The simplest solution besides the normal tactic of ignoring surface kinetics, would be to
side-step the issue and discover the critical thickness for assuming bulk diffusion limited transport.
This could be demonstrated by repeating permeation flux measurements with decreasing membrane
thicknesses until the flux magnitudes deviate from the inverse thickness relationship. Unfortunately,
it is likely that the critical thickness is larger than the thicknesses necessary to achieve meaningful,
exploitable fluxes. This leaves actual measurement as the only option. Section 1.3.5 contains
possible pathways that could be followed.
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Kreuer, Schönherr, and Maier [79] were one of the first to apply electroneutrality to the
Nernst–Plank equation to derive an expression for ambipolar diffusion of oxygen vacancies and
protons in perovskites. Their paper, however, skipped many of the algebraic development steps.
This isn’t necessarily a problem, though some of the steps are non-trivial and difficult to easily
replicate. I am going to go through the derivation here in order to capture these steps. As a
side-benefit, one of the intermediate steps ends up being equivalent to Virkar’s flux solution [85] if
you assume no hole contribution.
The general expression for transport of a species i subject to both chemical and electrical
driving forces may be given by:
ji = −CiBi∇ηi (A.1)
where the electrochemical potential for species i is defined as
ηi = µi + zieΦ (A.2)
where µi is the chemical potential of species i, e is the fundamental electronic charge and zi is the
valance of species i, and Φ is the local electrostatic potential. Kreuer et al. chose to instead start
















It is at this point that Kreuer jumps ahead many steps. The first step needed is to solve one




































Using the relationship derived from the fact that electronutrality must be sustained,
jOH•O = −2jV••O (A.8)














The defect chemical potential gradients are related to the chemical potential gradient of water by
the following relationship,
∇µH2O = 2∇µOH•O −∇µV••O (A.10)






















In a step that I think should be done more often, Kreuer replaced the conductivities with
























It is at this point that I recognized this equation as a simplification of Virkar’s relationship, which







































+ Ch•Bh• + 4CO2−BO2−)
∇µO2 (A.16)
A simple substitution of diffusivities for mobilities and setting the quantity Ch•Bh• equal to zero
provides you with the simplified case for ambipolar ionic transport that is equal to Kreuer’s Equa-
tion (A.14). It is also important to recognize that while Kreuer uses oxygen vacancies as a defect
and Virkar uses oxygen ions, the expressions are still equal, since the conductivity of the vacancies




From this point Kreuer begins to jump very quickly over some rather complicated steps in
the treatment. These steps have taken me considerable time to replicate, and errors are simple to
make. Hopefully, once this is down on paper in its entirety, I will never have to go through the
derivation again.
The concentrations are converted to mole fractions using the following relationship (Kreuer






















In order to use our eventual solution as an expression for the chemical diffusivity of water,

























Next, we find W by starting with the defect equation for hydration
dµH2O = 2dµOH•O − dµV••O (A.22)






























We can focus on the second half of the above expression and put it into terms of the two
defects using the following relationship between the concentrations











































Then it is a simple substitution of mole fractions for concentrations and a substitution of based on
the relationship






















Kreuer further simplifies W by first dividing the top and bottom of the expression by the
mole fraction of vacancies in the dry state














Most would recognize the numerator to be the definition of Extent of Hydration (which is defined





and Kreuer also makes use of the idea of site balance for the denominator








This gives us our final expression of the thermodynamic factor listed as Eqn. (A.6)


























but in order to make any traction, we once again lean on dividing the numerator and denominator
by X◦V••O
and substituting with Eqns. (A.34) and (A.35) to give us
jH2O = −
2(1−X)DOH•ODV••O







Finally, a bit of simple algebra yields
jH2O = −
(2−X)DOH•ODV••O
X DOH•O + 2(1−X)DV••O
)∇cH2O = −D̃H2O∇cH2O (A.40)
which is of course Kreuer’s Eqn. (A.7).
112
APPENDIX B
CALCULATION OF HYDRATION ENTROPY FROM STA
One of the curious aspects of the hydration thermodynamics study using STA by Kjølseth et
al. [46] is the lack of any entropy measurements. I can find no fundamental rational for why this
would be the case. I believe that the combination of the DSC energy data and the TGA mass data
is enough data to also find the entropy for the system. I will address my arguments and possible
pathways below.
B.1 What is known
The elegance of the STA method is that you get data from two simultaneous sources, each of
which provides a different piece of the puzzle. From the energy data captured by DSC measurements
performed isothermally after a change in water partial pressure it is possible to directly calculate
the enthalpy of hydration for a sample and thus for a given material. The area under the curve
that is measured is related to the enthalpy by a machine dependent correction factor as
∆H = K ×Area (B.1)
This correction factor can be found by calibrating with a sample which has a reaction or transfor-
mation of known enthalpy.
With this method, enthalpies of hydration for both BCY10 and BZY10 have been found [46].
However, while the mass data does show the water uptake, the study does not use this information
for anything other that proof that the energy peaks were the direct result of water uptake. This
is an oversight on the authors’ part, as I believe that this data can be used in conjunction with
the enthalpy information to also find the entropy. I think there are two possible ways to find the
entropy using the existing data taken for the enthalpy experiments. The first should be possible
with the data from a single point, the second with a series of tests at various temperatures.
B.2 Single Measurement Method
Since the mass change has been captured, it is possible to correlate that with an actual
concentration change. For this example I will concentrate on an experiment that is measuring
the oxygenation behavior of BCZY27 at 800◦C with a step change from very low oxygen to pure
oxygen. This occurs via the following reaction
O2 + 2V
••
O → 4h• (B.2)
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So, the mass change, ∆m, due to oxygen incorporation can be expressed as a molar quantity




and using the relationship from Equation B.2, the moles of holes created is







Then to find the mole fraction, we incorporate the molar mass of BCZY27, MBCZY27, and the
dehydrated/deoxygenated mass of the sample, m◦ which calculates the moles of BCZY27 in the
sample












Now it is possible to use the reaction equilibrium equation to find the equilibrium constant,
Kox, and finally the entropy of oxygenation, ∆Sox. Using methods detailed elsewhere, the equilib-








where S is the effective dopant concentration. Now using the thermodynamic definition of the
equilibrium constant, we can solve for the entropy




B.3 Multiple Measurement Method
The multiple measurement method is similar to the method employed in many TGA ther-
modynamic studies, and thus does not rely on the calculation of enthalpy. However, since the
information is available, it allows for a level of result cross-checking that is not available in TGA
only situations.
Everything is the same as the single measurement method up until Equation B.7. From there
we run multiple experiments, changing only temperature. This allows us to create an Arrhenius
plot of Kox. Then the slope will give ∆Hox and the intercept ∆Sox. With any luck, the ∆Hox will




A quick note on the software that was utilized for this dissiertation and the workflow. The
modeling was done with compiled Fortran code developed and provided by Professor Huayang
Zhu and the resulting contour maps produced in Wolfram Mathematica 9. Data was plotted in
OriginPro 9. Graphics were exported from both of these software packages and the brought into
CorelDraw X5 for post-processing. None of the information presented has been changed, only the
visual and aesthetic elements have been altered, often to increase readability or add additional
information.
Most other graphics were created in CorelDraw X5 exclusively. The exceptions are the
graphics of the permeation assembly, designed and rendered in SolidWorks 2008 with additional





The following section contains additional contour maps that are referenced in Chapter 4 as
supplemental online material.
Figure D.1 Legend for all contour maps contained in this supplement.
116
Figure D.2 Full set of contour maps for inside conditions of humidified hydrogen at 600 ◦C.
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Figure D.3 Full set of contour maps for inside conditions of humidified UHP argon at 600 ◦C.
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Figure D.4 Full set of contour maps for inside conditions of dry UHP argon at 600 ◦C.
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Figure D.5 Full set of contour maps for inside conditions of humidified air at 600 ◦C.
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Figure D.6 Full set of contour maps for inside conditions of humidified hydrogen at 900 ◦C.
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Figure D.7 Full set of contour maps for inside conditions of humidified UHP argon at 900 ◦C.
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Figure D.8 Full set of contour maps for inside conditions of dry UHP argon at 900 ◦C.
123
Figure D.9 Full set of contour maps for inside conditions of humidified air at 900 ◦C.
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Figure D.10 Matrix of steam flux maps for 600 ◦C.
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Figure D.11 Matrix of steam flux maps for 750 ◦C.
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Figure D.12 Matrix of steam flux maps for 900 ◦C.
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Figure D.13 Matrix of oxygen flux maps for 600 ◦C.
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Figure D.14 Matrix of oxygen flux maps for 750 ◦C.
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Figure D.15 Matrix of oxygen flux maps for 900 ◦C.
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Figure D.16 Matrix of hydrogen flux maps for 600 ◦C.
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Figure D.17 Matrix of hydrogen flux maps for 750 ◦C.
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Figure D.18 Matrix of hydrogen flux maps for 900 ◦C.
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Figure D.19 Matrix of proton flux maps for 600 ◦C.
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Figure D.20 Matrix of proton flux maps for 750 ◦C.
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Figure D.21 Matrix of proton flux maps for 900 ◦C.
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Figure D.22 Matrix of oxygen vacancy flux maps for 600 ◦C.
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Figure D.23 Matrix of oxygen vacancy flux maps for 750 ◦C.
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Figure D.24 Matrix of oxygen vacancy flux maps for 900 ◦C.
139
Figure D.25 Matrix of electron–hole flux maps for 600 ◦C.
140
Figure D.26 Matrix of electron–hole flux maps for 750 ◦C.
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Figure D.27 Matrix of electron–hole flux maps for 900 ◦C.
142
Figure D.28 Matrix of electron flux maps for 600 ◦C.
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Figure D.29 Matrix of electron flux maps for 750 ◦C.
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Figure D.30 Matrix of electron flux maps for 900 ◦C.
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Figure D.31 Matrix of proton transference number maps for 600 ◦C.
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Figure D.32 Matrix of proton transference number maps for 750 ◦C.
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Figure D.33 Matrix of proton transference number maps for 900 ◦C.
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Figure D.34 Matrix of oxygen vacancy transference number maps for 600 ◦C.
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Figure D.35 Matrix of oxygen vacancy transference number maps for 750 ◦C.
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Figure D.36 Matrix of oxygen vacancy transference number maps for 900 ◦C.
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Figure D.37 Matrix of electron–hole transference number maps for 600 ◦C.
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Figure D.38 Matrix of electron–hole transference number maps for 750 ◦C.
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Figure D.39 Matrix of electron–hole transference number maps for 900 ◦C.
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Figure D.40 Matrix of electron transference number maps for 600 ◦C.
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Figure D.41 Matrix of electron transference number maps for 750 ◦C.
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Figure D.42 Matrix of electron transference number maps for 900 ◦C.
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Figure D.43 Matrix of ambipolar regions for 600 ◦C.
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Figure D.44 Matrix of ambipolar regions for 750 ◦C.
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Figure D.45 Matrix of ambipolar regions for 900 ◦C.
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Figure D.46 Matrix of the internal electrostatic potential difference for 600 ◦C.
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Figure D.47 Matrix of the internal electrostatic potential difference for 750 ◦C.
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Figure D.48 Matrix of the internal electrostatic potential difference for 900 ◦C.
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